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 Living Systems are the most complex systems discovered within 
the observable universe so far. 
 
Yet, they work robustly, efficiently and reproducibly! 
 
 
Each living organism, from a cell to a human being, represents a 
highly dynamic multi-component system that operates far from 
equilibrium. 
 
Yet, they function optimally in an ever-changing environment! 
 
 
How is that possible? 
 
 
After many years of studying biology, I’ve learned a lot of details 
and facts! But… I came to realize that I know nothing! 
 
To gain true understanding of systems function (i.e. life), I have to 
take a step back, leave the plethora of details behind, and observe 
biological systems in their entireness. 
 
The logic of life, if comprehensible by the human mind at all, can 
only be understood by revealing, formulating and theorizing the 
flows of information through living systems. 
 
  
  
 
 
 
 
An insight about life: 
 
 
Use only that which works,  
and take it from any place you can find it. 
 
Bruce Lee 
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Summary 
 
 Biological information processing in living systems like cells, tissues and organs 
critically depends on the physical interactions of molecular signaling components in 
time and space. How endocytic transport of signaling molecules contributes to the 
regulation of developmental signaling in the complex in vivo environment of a 
developing organism is not well understood.  
 In a previously performed genome-wide screen on endocytosis [1], several genes 
have been identified, that selectively regulate transport of signaling molecules to 
different types of endosomes, without disrupting endocytosis. My PhD thesis work 
provides the first functional in vivo characterization of one of these candidate genes, 
the novel, highly conserved Rab5 effector protein P95 (PPP1R21). Cell culture studies 
suggest that P95 is a novel endocytic protein important to maintain the balance of 
distinct endosomal sub-populations and potentially regulates the sorting of signaling 
molecules between them (unpublished work, Zerial lab). 
 The scientific evidence presented in this study demonstrates that zebrafish P95 is 
essential for early zebrafish embryogenesis. Both, knockdown and overexpression of 
zebrafish P95 compromise accurate morphogenetic movements and patterning of the 
zebrafish gastrula, showing that P95 functions during zebrafish gastrulation. P95 is 
functionally required to maintain signaling activity of signaling pathways that control 
embryonic patterning, in particular for WNT/β-catenin signaling activity. Knockdown of 
zebrafish P95 amplifies the recruitment of β-catenin to early endosomes, which 
correlates with the limitation of β-catenin to translocate to the nucleus and function as 
transcriptional activator. The obtained results suggest that zebrafish P95 modulates 
the cytoplasmic pools of β-catenin in vivo, via endosomal transport of β-catenin. In 
conclusion, the data presented in this thesis work provides evidence that the 
cytoplasm-to-nucleus shuttling of β-catenin is modulated by endocytic trafficking of β-
catenin in vivo. We propose the endocytic modulation of β-catenin cytoplasm-to-
nucleus trafficking as potential new mechanism to fine-tune the functional output of 
WNT/β-catenin signaling during vertebrate gastrulation. 
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Core Results 
 
1. The novel endocytic protein and Rab5 effector P95 (PPP1R21) is essential for 
zebrafish embryogenesis as it is functionally required during zebrafish gastrulation. 
 P95 is required for precise formation of the major dorsal organizing center 
(shield) at the onset of zebrafish gastrulation. 
 P95 is required for major gastrulation movements and precise patterning 
during zebrafish gastrulation. 
 Expression levels of zebrafish P95 have to be precisely controlled during 
zebrafish gastrulation, since both P95 knockdown and overexpression cause 
the accumulation of severe developmental defects. 
 
2. P95 modulates the signaling activity of WNT/β-catenin and other signaling 
pathways that pattern the early embryo throughout gastrulation. 
 Morpholino-mediated knockdown of P95 limits the nuclear translocation of 
β-catenin at the onset of gastrulation 
 P95 is required to maintain signaling activity of WNT/β-catenin signaling 
throughout gastrulation 
 Morpholino-mediated knockdown of P95 results in reduced signaling 
activity of BMP and Shh signaling, but has only minor effects on FGF 
signaling. 
 
3. P95 modulates the recruitment of β-catenin to Rab5 early endosomes and by that 
co-regulates the cytoplasmic pool of β-catenin in vivo 
 P95 localizes to Rab5-positive early endosomes in cells of gastrulating 
zebrafish 
 β-catenin localizes to early endosomes in cells of gastrulating zebrafish 
 Morpholino-mediated knockdown of P95 amplifies the recruitment of β-
catenin to early endosomes in vivo 
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Acronyms 
 
AB   antibody 
AP   alkaline phosphatase 
A/P   anterior / posterior 
C/E   convergence and extension 
D/V    dorsal / ventral 
dpf   days post fertilization 
E   Embryo 
EE   early endosome 
e.g.   exempli gratia = for example 
EVL   enveloping layer 
GTP/GDP  guanosine-5'-triphosphate / guanosine diphosphate 
hpf    hours post fertilization 
i.e.   id est = that is 
iExp   independent Experiment 
IF   immunofluorescence 
ILV   intraluminal vesicle 
kb   kilo base 
LE   late endosome 
mass/vol  mass fraction [g] in a volume of 100% 
mg/µg/ng/pg milligram / microgram / nanogram / picogram 
MHB   midbrain-hindbrain boundary 
mM   millimolar 
ms   millisecond 
MO KD  Morpholino knockdown 
Morphants  embryos injected with Morpholino(s) 
MVB   multivesicular body 
OE   overexpression 
PI   phosphatidylinositol 
RE   recycling endosome 
Acronyms 
 
 
iv 
RNAi   RNA interference 
RT   room temperature 
RTK   receptor tyrosine kinase 
s/min/h  second / minute / hour 
ss   somite stage 
TGN   trans-Golgi network 
vol/vol  volume fraction or volume percent 
vs.   versus 
WB   western blot 
WISH   whole-mount in situ hybridization 
w/o   without 
WT   wild-type 
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1. Introduction 
 During animal development, embryonic cells have to respond correctly to various 
extracellular signals in order to give rise to a properly structured and functioning living 
organism. Cells can sense their extracellular environment through highly complex 
signal transduction networks that are specialized in biological information processing 
(cell signaling). Cell signaling critically depends on the precise physical interactions of 
signaling molecules in time and space. The endocytic system has emerged as an 
essential regulatory layer of signal transduction by controlling the spatio-temporal 
dynamics of molecular signaling components. Cell culture studies have revealed 
detailed mechanistic insights into how signaling activity, signal propagation and 
signaling specificity can be regulated by the sophisticated endocytic trafficking system. 
 Importantly, core components of virtually all the highly conserved signaling 
pathways that govern embryonic development, localize to endosomal membrane 
compartments at some point during signal transduction. Furthermore, it is well 
established that endocytosis is required for precise cell signaling activity during animal 
development (developmental signaling). It is much less understood how endosomal 
transport of signaling molecules and active signaling from different endosomal 
compartments, functionally contribute to the regulation of developmental signaling. 
Thus, the focus of current scientific investigations has shifted towards elucidating how 
much of the detailed mechanistic knowledge from cell culture studies directly 
translates into functional relevance in vivo. It is hypothesized, that endocytic 
compartmentalization and transport of core components of major signaling pathways 
are essential processes for modulating and fine-tuning developmental signaling. 
 Here, I will briefly introduce the concept of cell signaling, the endocytic system, 
and the regulation of cell signaling through the endocytic system. I will also introduce 
the zebrafish as a model system to investigate developmental signaling. Finally, I will 
introduce the novel Rab5 effector protein P95 (PPP1R21) and outline its potential 
function in the sorting of signaling cargo. 
  
Introduction 
 
 
2 
1.1 Cell Signaling (Biological Information Processing) 
 Cells, as the basic unit of living systems, have evolved highly complex signaling 
mechanisms to detect, process and integrate information. Cell signaling allows cells to 
detect extracellular information (signaling input), transduce it into the cells and 
convert it into an adequate functional response (signaling output). Failure to detect or 
correctly respond to extracellular signals severely compromises cell survival, disrupts 
multicellular development and results in pathological conditions. Cell signaling 
operates through incredibly complex protein networks that are specialized in biological 
information processing. Information is specifically channeled through these signal 
transduction networks in order to control context-dependent cell functions and 
coordinated cell behaviors. Despite the complexity of signal transduction networks, 
they share a common logic of transmitting information (Fig. 1.1). 
 
1.1.1 The general logic of cell signaling 
 Generally, the extracellular environment is represented to a cell through multiple 
kinds of molecules, such as nutrients, hormones and growth factors. These 
extracellular molecules are termed “ligands” if they can specifically bind and activate 
receptors at the plasma membrane to generate signaling inputs. Ligand-activated 
receptors relay the different signaling inputs to a much smaller number of signaling 
modules (with specific molecular core components) to produce functionally relevant 
and reproducible signaling outputs (Fig. 1.1). Signal transduction, from signaling input 
to signaling output, generally occurs in the following discrete sequences [2, 3]. 
 
Signal initiation: Ligand-binding to the extracellular domain of the respective 
transmembrane receptor activates the receptor. This step often involves the formation 
of stable homo- or heterodimerized receptor pairs or the binding of specific co-
receptors to form ternary ligand-receptor complexes. Receptor activation triggers 
conformational changes and ultimately causes activation of intracellular receptor 
domains. Changes in receptor conformation result in enzymatic activity that introduces 
posttranslational receptor modifications (e.g. phosphorylation, ubiquitination), or in 
the presentation of binding sites for interacting proteins, or in release of receptor 
complex sub-units. 
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Signal amplification: The activated intracellular receptor domains recruit membrane-
associated or cytoplasmic effector proteins to assemble multi-protein signaling 
complexes at the plasma membrane. These signaling complexes locally amplify the 
signal, notably by phosphorylation of specific effector proteins. Effector proteins 
include small cytoplasmic signal transducers, adaptor proteins (with protein and lipid 
binding domains) [4], and protein kinases. Receptor-activated signaling complexes 
have a specific protein composition that determines how the signal is amplified and 
through which signaling module it is transduced. 
 
Signal integration: Downstream of a single type of activated receptor, functionally 
distinct signaling modules control a great number of target proteins. Each signaling 
module consists of a set of core protein complexes that are sequentially activated by 
the membrane-localized signaling complexes downstream of an activated receptor. 
Core components of signaling modules include adaptor and scaffolding proteins, 
kinases and phosphatases, small GTPases, regulators of the cytoskeleton, and 
transcriptional regulators. Signaling modules transduce the signal through cycles of 
phosphorylation and dephosphorylation and channel it towards distinct cellular target 
locations (e.g. metabolic enzymes, cytoskeleton, and nuclear translocation of 
transcription factors). That ultimately leads to the functional signaling output, for 
example, changes of the metabolic state of the cell, modified cell morphology or 
migratory behavior, and differential gene expression. 
 
Signal termination: Importantly, activated signaling processes have to be terminated 
at some point after signal initiation. 
This is crucial to tune the functional response exactly to cell-context dependent 
requirements and maintain flexibility to respond to new signaling inputs if conditions 
change. Signaling processes are usually terminated by dephosphorylation, degradation 
or sequestration of molecular components of the signaling module. 
 
Regulation of cell signaling: Signal initiation, amplification and integration are highly 
regulated processes in order to achieve signaling robustness and signaling specificity. 
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Signaling robustness ensures good signal-to-noise ratios and maintains functionality of 
the signal transduction process despite fluctuations and background noise (effective 
reduction of variability) [5]. Signaling specificity ensures a reproducible, functional 
signaling output that is directly coupled to a corresponding signaling input. Regulation 
of cell signaling is achieved through several regulatory mechanisms including auto-
regulatory positive and negative feedback loops, activation of distinct signaling 
modules downstream of the same activated receptor, and regulation of signal duration 
(signaling dynamics) [6] and spatial propagation [7]. Today (2014), core components of 
important signal transduction networks have been identified and their positions in the 
signaling network are known. Now, the focus shifts to understand their spatio-
temporal regulation within an extensively crowded cytoplasmic environment. 
Dependent on the cellular context, signal propagation and signal duration require 
differential regulation of the signal transduction process to ensure signaling specificity 
and robustness. The endocytic system co-regulates the spatio-temporal dynamics of 
cell signaling through active intracellular transport of signaling components (see 
chapter 1.3). 
 In reality, the signaling modules downstream of one receptor type are highly 
integrated into signaling networks and different signaling networks are coupled 
through extensive cross-talk (i.e. signaling inputs initiated by distinct ligand-activated 
receptors converge on one intracellular signaling mediator downstream of both 
activated receptors). In summary, higher-order, interconnected cell signaling networks 
allow for the sophisticated communication of cells with each other and with their 
external environment. 
Introduction 
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Figure 1.1 The general logic of cell signaling. Based on the prototypical group of receptor tyrosine 
kinases (RTKs), the ERBB receptor family, the logic of signal transduction networks is depicted from a 
systems point of view. The simplified scheme on the left shows the crucial steps of signal transduction. 
An extracellular ligand (blue circle) binds to its cell membrane receptor (black) and triggers receptor 
dimerization and activation. Ligand-binding results in conformational changes of intracellular receptor 
domains that allow for posttranslational modifications (e.g. phosphorylation; red circles indicate the 
receptor phosphorylation and the transmitted information). Adaptor proteins (green) are recruited to 
the activated receptor and mediate the transmission of the signal/information (red circles) to 
cytoplasmic signal transducers that usually form signaling complexes (grey hexagon). Effector proteins 
(grey polygon) are activated by upstream signal transducers and recruit transcription factors (orange) to 
activate or inhibit them. Transcription factors translocate to the nucleus and co-regulate transcription of 
target genes, as one possible signaling output. The more detailed scheme on the right shows the 
different layers of the ERBB signaling network and indicates the integration of various ligands (growth 
factors) into signaling modules (core machineries) downstream of specific receptors. Activation of 
distinct transcription factors translates into specific functional responses. Positive- (left) and negative- 
(right) feedback loops are one example of auto-regulatory processes to fine-tune the signaling output. 
For details see section 1.1.1 and reference [2]. Modified from [2]. 
 
1.1.2 WNT signaling 
 The WNT signaling network is a good example for the complexity of cell signaling. 
Ligands of the same family (WNTs, secreted glyco-lipo-proteins) trigger the formation 
of different ternary ligand-receptor complexes (Frizzled receptors + various co-
receptors) that activate distinct signaling modules (e.g. WNT/β-catenin; WNT/PCP; 
WNT-Ca2+). The functionally distinct WNT signaling modules regulate quite different 
physiological processes: WNT/β-catenin signaling regulates cell proliferation, cell 
differentiation and embryonic patterning. 
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WNT/PCP signaling regulates cell polarity, cell migration, and complex morphogenetic 
movements during embryonic development [8]. WNT-Ca2+ signaling regulates cell fate 
specification and cell migration [9] (Fig. 1.2 A). 
 The best characterized WNT signaling module controls embryonic development 
and adult tissue homeostasis through regulation of the transcriptional co-activator β-
catenin (Fig. 1.2 B&C). WNT/β-catenin signaling is initiated when WNT ligands bind to a 
seven-pass transmembrane Frizzled (Fzd) receptor and LRP6 (low-density lipoprotein 
receptor-related protein 6) co-receptor to form ternary ligand-receptor complexes. 
This triggers the recruitment of the scaffolding protein Dishevelled (Dvl) and the 
phosphorylation of the LRP6 C-terminal domain. The formation of a phospho-LRP6 
signaling complex downstream of the activated WNT-receptor complex, enables 
recruitment of the β-catenin destruction complex (consisting of GSK3, casein kinase Iα 
(CKIα), Axin and adenomatosis polyposis coli (APC)) to the cell membrane. Membrane 
recruitment effectively inactivates the destruction complex resulting in β-catenin 
accumulation and nuclear translocation. In the nucleus, β-catenin forms complexes 
with TCF/LEF (T cell factor/lymphoid enhancer factor) transcription factors to activate 
WNT target gene transcription (Fig. 1.2 C). In the absence of WNT binding to Frizzled 
and LRP6, β-catenin is in complex with the destruction complex, phosphorylated by 
GSK3 and CKIα, and subsequently targeted for proteasomal degradation. The 
sequential phosphorylation of β-catenin’s N-terminus by CK1 and GSK3 is in that case 
an inactivation step, since N-terminally phosphorylated β-catenin is constantly 
ubiquitinated and degraded. Without β-catenin in the nucleus, TCF/LEF proteins 
function as transcriptional repressors that inhibit WNT target gene expression [10] 
(Fig. 1.2 B). 
 Importantly, β-catenin is a dual-function protein as it is an integral part of E-
Cadherin-mediated cell-cell adhesion complexes [11] and functions as nuclear 
transcription factor downstream of WNT signaling [12]. This means that the pool of 
cytoplasmic β-catenin, and thereby WNT signal transduction, is modulated by the 
destruction complex and binding to cadherin adhesion receptors [13]. The control of 
the cytoplasmic signaling pool of β-catenin, through sequestration or endocytic 
trafficking, has recently become the focus as potential mechanism to modulate the 
WNT-dependent signal transduction process [14, 15]. 
Introduction 
 
 
7 
 
Figure 1.2 The WNT signaling network. (A) Simplified overview of distinct signaling modules (including 
their molecular core components) downstream of different ternary WNT-Frizzled-Co-receptor 
complexes. For details see section 1.1.2 and reference [9]. (B, C) The WNT/β-catenin signaling module. 
(B) If no WNT ligand is present, Frizzled receptor and LRP5/6 co-receptors do not engage. Cytoplasmic β-
catenin is recruited to the destruction complex (Axin, APC, GSK3, CKI), sequentially phosphorylated by 
CKI and GSK3, and targeted for proteasomal degradation. (C) In the presence of WNT ligands, LRP6, 
Frizzled and WNTs form a ternary receptor complex which recruits Dishevelled (Dvl) and finally seques-
ters (inactivates) the destruction complex at the cell membrane. β-catenin accumulates in the cyto-
plasm, translocates to the nucleus and associates with TCF/LEF transcription factors to initiate tran-
scription of WNT target genes. For details see section 1.1.2 and reference [10]. 
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1.1.3 Developmental signaling 
 During animal development, a few highly conserved ligand-receptor systems and 
their corresponding signal transduction networks (signaling pathways) are used 
repeatedly to pattern the early embryo and generate tissues and organs (Table 1.1 
provides examples). An important mechanism for tissue patterning is the formation of 
morphogen gradients which allows for short- and long-range signaling in a large field of 
embryonic cells. A morphogen gradient is established through diffusion of a 
morphogen (ligand) from a source (ligand-producing and -secreting cells) throughout 
the surrounding tissue. Through graded expression of the respective receptors, limiting 
diffusion by ligand-binding molecules in the extracellular space, and through endocytic 
uptake of the ligand-receptor complexes, a source-to-sink gradient of signaling activity 
is established. Across a field of embryonic cells, this signaling activity gradient provides 
positional information (a coordinate system) and specifies different cell fates in a dose-
dependent manner [16, 17]. 
 
Table 1.1 Evolutionary conserved ligand-receptor systems controlling development 
G-Protein-Coupled Receptors (GPCRs) 
Ligand 
Receptor; Intracellular Signal 
Transducer 
Signaling Module 
 Hormones 
 Nutrients 
 Growth factors 
seven-pass transmembrane 
receptors; ligand-binding triggers 
conformational changes in the 
receptor resulting in activation of 
heterotrimeric GTP-binding proteins 
[18-20] 
 adenyl cyclase • cyclic AMP (cAMP) • 
cAMP-dependent protein kinase 
(PKA) • CRE-binding protein (CREB) 
 regulation of gene transcription 
 phospholipase C-β (PLC) • inositol 
1,4,5-trisphosphate (IP3) • IP3 
receptors at the endoplasmic 
reticulum • Ca2+ release • 
Ca2+/calmodulin-dependent protein 
kinases (CaM-Kinsases)  metabolic 
enzyme activation 
 PLC • IP3 • Ca2+ release • protein 
kinase C (PKC)  target protein 
phosphorylation 
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Receptor Tyrosine Kinases (RTKs) 
Ligand 
Receptor; Intracellular Signal 
Transducer 
Signaling Module 
 EGF 
(epidermal 
growth factor) 
 FGF (fibroblast 
growth factor) 
 NGF (nerve 
growth factor) 
 Cytokines 
single-pass transmembrane 
receptors; ligand binding induces 
receptor homo- or hetero-
dimerization and auto-(cross) phos-
phorylation of adjacent cytoplasmic 
tyrosine domains; adaptor proteins 
recognize phospho-tyrosine domains 
and recruit kinases to form local 
signaling complexes [21, 22] 
 EGF receptor (EGFR) 
 FGF receptor (FGFR) 
 NGF receptor (Trk A/B) 
 Cytokine receptors 
 Ras • Raf • Mek • Erk  target 
protein phosphorylation and gene 
expression (MAP kinase module) 
 small GTPases (RhoA, Rac, Cdc42) • 
actin cytoskeleton remodeling  cell 
migration 
 phosphoinositide 3-kinase (PI 3-
kinase) • Akt (protein kinase B)  
regulation of cell growth/survival 
 janus kinases (JAKs) • STATs (signal 
transducers and activators of 
transcription)  target gene 
expression 
 
Receptor Serine/Threonine Kinases 
Ligand 
Receptor; Intracellular Signal 
Transducer 
Signaling Module 
Transforming 
growth factor-β 
(TGF-β) super-
family 
 TGF-βs (Nodal, 
Activin) 
 BMPs (bone 
morpho-
genetic 
proteins) 
ligand-binding of specific combi-
nations of type-I and type-II receptor 
serine/threonine kinases triggers 
formation of heterotetrameric 
receptor complexes; type-II receptor 
cytoplasmic kinase domains 
phosphorylate serine/threonine 
residues in the cytoplasmic domain of 
type-I receptors; receptor-activated 
Smad proteins relay the signal to the 
nucleus [23, 24] 
 TGF-β receptors 
 BMP receptors 
 activated TGF-β receptor complex • 
Smad2/3 recruitment & phosphor-
ylation • phospho-Samd2/3 
dissociation and Smad4 binding • 
nuclear translocation  target gene 
expression 
 activated BMP receptor complex • 
Smad1/5/8 recruitment & phosphor-
ylation • phospho-Smad1/5/8 
dissociation and Smad4 binding • 
nuclear translocation  target gene 
expression 
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Receptors that control the intracellular balance (concentration) of gene regulatory proteins 
Ligand 
Receptor; Intracellular Signal 
Transducer 
Signaling Module 
Delta-like ligands Notch receptor; single-pass 
transmembrane protein; Notch 
intracellular domain [25] 
 Delta-Notch binding • γ-secretase 
cleavage of the Notch intracellular 
domain • nuclear translocation  
transcription of Notch-responsive 
element target genes 
WNT ligands (lipo-
glyco-proteins) 
seven-pass transmembrane Frizzled 
receptors + various co-receptors 
(LRPs, Glypican, Syndecan, ROR, RYK); 
Dishevelled serves as scaffold to form 
signaling complexes [26] 
 WNT-Frizzled-Co-receptor ternary 
receptor complex • Dishevelled 
recruitment & co-receptor 
phosphorylation • β-catenin 
cytoplasmic stabilization and nuclear 
translocation  TCF/LEF target gene 
expression 
hedgehog lipo-
proteins (e.g. Shh = 
sonic hedgehog) 
twelve-pass transmembrane receptor 
protein Patched (Ptc); Smoothened 
(Smo) transduces the signal from the 
cell membrane after inhibitory 
release [27] 
 Ptc activation through ligand binding 
• Smo repression is released • Smo 
phosphorylation and translocation to 
the cell membrane • recruitment of 
Ci-like gene regulatory proteins 
(Gli1/2/3) • proteolytic cleavage and 
activation of Gli1/2/3  nuclear 
translocation & differential gene 
expression 
 
Several of the critical signal transduction steps within the signaling modules mentioned 
in table 1.1, are regulated by endocytosis and active intracellular transport through the 
endocytic system. 
 
1.2 Endocytosis and the organization of the endocytic system 
 Endocytosis is a fundamental process found in all eukaryotic cells to internalize 
diverse types of cargo into a dynamic intracellular network of vesiculo-tubular 
membrane compartments (endosomes). Endocytosed cargos comprise a spectrum of 
cell membrane fragments (including numerous lipids), integral and peripheral cell 
membrane proteins (including various ligand-receptor complexes), extracellular matrix 
components and soluble molecules from the extracellular fluid (including nutrients and 
their carriers), bacteria, viruses and extracellular fluid itself. Endocytosis is functionally 
integrated with other basic systems of the cell through regulating the trafficking, 
processing, sorting, recycling, degradation, activation and silencing of these cargos. 
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As a consequence, cellular processes like signal transduction, cytokinesis, 
establishment and maintenance of cell polarity, cell migration, cell metabolism and cell 
immune response are regulated, modulated or fine-tuned by the endocytic system [28, 
29]. 
 The complex endocytic system consists of a network of molecularly and 
functionally distinct vesicular membrane compartments which can be grouped into 
three main categories according to their trafficking logistics: early endosomes, late 
endosomes and recycling endosomes (Fig. 1.3 A). Early endosomes (EEs) receive cargo 
from the cell membrane through multiple endocytic entry routes and from the trans-
Golgi network (TGN). EEs represent the main sorting station for incoming cargo and 
selectively sort different cargos among sub-populations of EEs and to other membrane 
compartments. Late endosomes (LEs) receive endocytic cargo from EEs and channel it 
towards the TGN or towards lysosomal degradation. The degradative trafficking 
pathway from early to late endosomes can require intermediate compartments like 
intraluminal vesicles (ILVs) and multivesicular bodies (MVBs), before fusion with 
lysosomes occurs. Recycling endosomes (REs) receive endocytic cargo from EEs and 
transport them back to the cell membrane, maintaining a continuous recycling circuit 
of plasma membrane components between the cell surface and endosomal pools [28, 
30]. 
 
1.2.1 The multiple endocytic entry routes 
 Endocytic cargos can enter eukaryotic cells through several different entry 
portals by invagination and fission of distinct areas of the cell membrane (Fig. 1.3 A). 
Common to all entry routes are the recruitment of accessory adaptor proteins to 
cluster cargo at specific cell membrane sites, recruitment of BAR 
(Bin/Amphiphysin/Rvs)- and coat proteins to introduce membrane curvature and drive 
membrane invagination, and proteins to complete membrane vesicle formation by 
membrane scission. Furthermore, the actin machinery is involved in all endocytic entry 
pathways discovered so far. 
 The best characterized endocytic entry pathway is through clathrin-mediated 
endocytosis in which cargo is packaged into clathrin-coated vesicles. 
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According to ultrastructural and cell biological studies, five distinct stages of clathrin-
coated vesicle formation can be defined. During the first stage of Nucleation or pit 
formation, FCH domain only (FCHO) proteins, EGFR pathway substrate 15 (EPS15) and 
intersectins form a putative nucleation module at sites of the plasma membrane rich in 
phosphatidylinositol‑ 4,5‑ bisphosphate. During the second stage of Cargo Selection, 
the highly conserved, heterotetrameric adaptor complex AP2 is recruited to the 
nucleation module. The AP2 adaptor complex binds a wide range of plasma 
membrane-associated, cargo-specific adaptor proteins which recruit specific cargos 
(e.g. signaling receptors) to the nucleation site. During the third stage of Clathrin Coat 
Assembly, clathrin triskelia are recruited to the site of increasing adaptor 
concentration (by the AP2 complex) to stabilize membrane curvature and facilitate 
vesicle formation. After the membrane invagination has reached a certain size, 
curvature and clathrin coat density, BAR-domain containing proteins recruit the 
GTPase dynamin to the neck of the forming vesicle. Dynamin mediates membrane 
scission through a GTP hydrolysis-dependent conformational change and completes 
the fourth stage of Vesicle Scission. Clathrin-mediated endocytosis is fully completed 
by the fifth stage of Uncoating, in which the clathrin-coat of the nascent vesicle gets 
disintegrated by the ATPase heat shock cognate 70 (HSC70) and its cofactor auxilin. 
Uncoating is necessary to allow the newly formed vesicle to fuse with endosomal 
target vesicles. Clathrin-mediated endocytosis of many types of ligand-activated 
receptors is essential for the regulation of their final signaling output [31]. 
 A clathrin-independent form of endocytosis occurs through caveolae, specialized 
microdomains in the plasma membrane that can also invaginate. Vesicle formation is 
driven by coat-forming caveolin-subunits and coating proteins of the cavin family. 
Caveolar endocytosis seems not to be a high capacity entry route for classical cargos in 
most cell types studied, but a recent report suggests that it is required to maintain 
plasma membrane dynamics and to regulate other clathrin-independent endocytic 
pathways [32]. 
 More recently, clathrin- and caveolin-independent endocytic entry routes have 
been described to be important for the uptake of a number of endogenous cargo 
molecules. 
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Cargo internalization through these pathways depends on small GTPases like Cdc42, 
RhoA and Arf6. In the CLIC/GEEC (clathrin-independent carriers/GPI-AP enriched early 
endosomal compartment) pathway, cargo uptake (e.g. GPI-anchored proteins) 
depends on Cdc42 activity independently of dynamin. Besides regulating the uptake of 
GPI-anchored proteins, the GLIC/GEEC pathway is important for fluid uptake, 
phagocytosis (in macrophages) and receptor trafficking (e.g. CD44). RhoA/dynamin-
dependent uptake of specific cargos (e.g. interleukin-2 receptor, Clostridium botulinum 
C2 toxin) seems to be a constitutive and compensatory endocytic mechanism that 
operates in parallel to clathrin- and caveolin-dependent endocytosis. In non-polarized 
cells a flotillin-dependent endocytic entry pathway has been described. It works either 
dynamin-dependent or dynamin-independent and is driven by the lipid raft-associated 
proteins flotillin 1 and flotillin 2. The role of clathrin- and caveolin-independent 
endocytosis in regulating cell signaling is not well characterized so far [32, 33]. 
 Macropinocytosis, the uptake of large volumes of extracellular fluid, is implicated 
in downregulation of cell signaling, uptake of pathogens and directed cell migration. 
Macropinocytosis depends on small GTPases (e.g. Rac1, Pak1, Cdc42, Arf6) that 
regulate actin dynamics to facilitate the formation of large vesicles at sites of 
membrane ruffles. Macropinosome formation also requires Rab5 effectors like 
Rabankyrin-5, which regulates apical fluid-phase endocytosis in polarized epithelial 
cells [33, 34]. 
 
Importantly, after internalization through the different endocytic uptake pathways 
described above, the nascent vesicles fuse with early endosomes and deliver their 
cargo into the endocytic system (Fig. 1.3 A). 
 
1.2.2 Compartment identity and regulation of endocytic trafficking by Rab GTPases 
 There is not just one type of endosome! Endosomes exist in a variety of 
morphological shapes and sizes (from less than 60 nm to 2 µm in diameter) and are 
organized into functionally distinct membrane compartments. Each compartment type 
or endosome population has a characteristic molecular identity, spatial distribution, 
and type-specific function. Central to the regulation of endocytic compartment identity 
and endocytic cargo transport are Rab GTPases and their effector proteins. 
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 Rab GTPases constitute the largest family of monomeric small GTPases (more 
than 60 members in humans) that can reversibly associate with intracellular 
membranes through a GTP/GDP-dependent molecular switch mechanism (Fig. 1.3 B). 
Rab GTPases in the GTP-bound (active) form acquire a molecular conformation which 
allows them to be targeted to membranes. In the GDP-bound or inactive form they are 
released from membranes and exist as soluble proteins in the cytoplasm. Activation of 
Rab GTPases through exchange of GDP with GTP is catalyzed by guanine nucleotide 
exchange factors (GEFs). Inactivation through hydrolysis of GTP is catalyzed by the Rab-
intrinsic GTPase activity and by GTPase-activating proteins (GAPs). The inactive Rab-
GDP complex is stabilized in the cytoplasm by a GDP dissociation inhibitor (GDI) that 
prevents GDP release from the Rab-GDP complex. GDI interacts with membrane-
bound GDI displacement factors (GDFs) at endosomes, providing a mechanism to 
deliver Rab proteins to specific target compartments (Fig. 1.3 B) [35]. For example, 
Rab5 localizes to early endosomes, phagosomes (phagocytic vesicles), caveosomes and 
the plasma membrane to mediate endocytosis, endosome fusion, and cargo sorting. 
Rab4 localizes to early endosomes and recycling intermediates to mediate fast 
endocytic recycling. Rab11 localizes to pure recycling endosomes and mediates slow 
endocytic recycling. Rab7 and Rab9 localize to late endosomes where Rab7 mediates 
endosome maturation and lysosomal fusion, while Rab9 regulates cargo trafficking 
from late endosomes to the TGN (Fig. 1.3 A) [36]. 
 Active Rab GTPases (GTP-bound) recruit a great variety of soluble effector 
proteins to their target endosomes and promote the assembly of complex effector 
machineries at endosomal membranes. Effector complexes, downstream of a specific, 
activated Rab GTPase, regulate the molecular processes which account for endosome 
function and endocytic trafficking. Important processes regulated by Rab effector 
proteins include vesicle docking and tethering, homotypic (with compartments of the 
same identity) or heterotypic (with compartments of a different identity) endosome 
fusion, endosome fission, cargo sorting, modification of the lipid composition of the 
endosome membrane, endosome transport along microtubules and actin 
microfilaments, and assembly of endosome-localized signaling platforms [36-39]. 
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1.2.3 The early endosome-specific Rab GTPase Rab5 
 A master regulator of early endosome biogenesis and function is the small 
GTPase Rab5 (Fig. 1.3 A). Rab5-GTP, together with a set of core regulators and 
effectors, is sufficient to convert proteoliposomes into synthetic endosomes in an in 
vitro assay. These synthetic Rab5-positive endosomes undergo tethering and fusion 
with each other and with purified early endosomes, demonstrating the functional 
requirement of Rab5 for endosome fusion [40]. More recently it was confirmed that 
Rab5 is essential for the biogenesis of the endo-lysosomal system in vivo. The 
depletion of Rab5 protein below a critical threshold drastically reduces the numbers of 
EEs, LEs and lysosomes, with the functional consequence of blocking endocytosis [41]. 
Rab5 effectors include phosphoinositide kinases and phosphatases that locally modify 
the lipid composition of the endosomal membrane. That is crucial as different 
endosome types differ also in their endosomal lipid composition. For example, the 
major phosphoinositide found on early, Rab5-positive endosomes is 
phosphatidylinositol 3-phosphate (PI3P). Rab5-GTP recruits the class III 
phosphoinositide kinase VPS34 to the early endosome membrane, which in turn 
phosphorylates phosphatidylinositol to locally produce PI3P [42]. The combination of 
Rab5 and PI3P at endosomal membranes is sufficient to recruit specific effectors like 
the early endosome antigen 1 (EEA1; Fig. 1.3. A). EEA1 is a tethering factor involved in 
homotypic fusion of early endosomes and marks a functionally distinct sub-population 
of Rab5-positive compartments (Rab5/EEA1 double-positive endosomes; Fig. 1.3 A) 
[43, 44]. 
 Rab5 effector complexes are organized in microdomains on the endosomal 
membrane, which allows regulation of distinct molecular processes at the same 
endosome. For example, EEA1 and Rabenosyn-5 are both Rab5 effectors and recruited 
to the same early endosomes in a PI3P-dependent manner. While EEA1 directs early 
endosomal fusion, Rabenosyn-5 interacts with Rab4 microdomains facilitating the 
formation of recycling tubules [42]. Effectors of Rab5 comprise also scaffolding and 
adaptor proteins that assemble localized signaling platforms at early endosomes. 
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APPL (adaptor protein, phosphotyrosine interaction, PH domain and leucine zipper 
containing) proteins are one example of adaptor proteins that are specifically recruited 
to Rab5-positive compartments and mark another, functionally distinct sub-population 
of early endosomes (Rab5/APPL1 double-positive; Fig. 1.3 A) [45]. By recruiting GEFs 
for Rab7, e.g. the Mon1–Ccz1 or class C VPS39/HOPS complex, Rab5 is required for 
early-to-late endosome maturation and Rab5-to-Rab7 conversion [42, 46]. 
 
1.2.4 Endocytic cargo sorting 
 Endocytic cargo sorting is a major function of the endocytic system and regulates 
the selective transport of internalized cargos (e.g. ligand-receptor complexes) towards 
distinct fates [47]. Through fusion and fission of Rab5-positive endosomes, cargo is 
sorted towards functionally distinct early endosomal sub-populations and can be 
retained within early endosomes (i.e. neither recycled nor degraded). Budding of 
tubular Rab4-positive recycling compartments sorts cargo from early endosomes 
towards the recycling pathway and back to the plasma membrane. During early-to-late 
endosome maturation, cargo is sorted from Rab5-positive to Rab7-positive late 
endosomes and further to lysosomes in order to be fully degraded. Systems analysis of 
the endosomal network on a cellular scale has shown that smaller, peripheral early 
endosomes dynamically exchange cargo by fusion and fission events and progressively 
accumulate degradative cargo in fewer and larger endosomes. The increase in 
endosome size and the accumulation of degradative cargo is highly correlated with 
endosome transport towards the cell center and the conversion of early to late 
endosomes [46]. That means that the trafficking of cargo is functionally linked to the 
spatio-temporal organization of the underlying endosome network. 
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Figure 1.3 The endocytic system. Schematic overview of the endocytic system in vertebrate cells. 
(A) Diverse cargos can be internalized via different uptake mechanisms (1: clathrin-mediated 
endocytosis; 2: caveolin-mediated endocytosis; 3: clathrin- and caveolin-independent uptake 
mechanisms). Internalized vesicles fuse with early endosomes (EEs), which get their identity and are 
regulated by the Rab GTPase Rab5. Active Rab5 (Rab5-GTP) recruits effector proteins (e.g. EEA1, APPL1) 
to early endosomes. Differential recruitment leads to functionally distinct sub-populations of early 
endosomes (EEA1 vs. APPL endosomes). Rab4-positive domains on EEs regulate the formation of 
recycling tubules that carry cargo back to the cell membrane in the fast recycling circuit. Through EE 
fission, recycling compartments can be formed (positive for Rab11) that transport cargo in a slow 
recycling circuit back to the cell membrane. Peripheral EEs are transported towards the cell center on 
microtubules (MT) and continuously mature into late endosomes (LEs; positive for Rab7). Early-to-late 
endosome maturation involves the formation of intraluminal vesicles (ILVs) and subsequent formation 
of multivesicular bodies (MVBs). Close to the nucleus, LEs/MVBs fuse with lysosomes. Several 
intermediate compartments exist through dynamic fusion and fission processes (indicated by the 
arrows). Membrane and cargo is also exchanged with the trans-Golgi network (TGN) through fusion and 
fission of intermediate compartments (indicated by the double arrows). (B) The Rab-GTP/GDP switch 
mechanism is indicated. For details see sections 1.2.1, 1.2.2 & 1.2.3. Modified from [28] and [37]. 
 
 Cargo sorting is already initiated during vesicle formation at the plasma 
membrane by adaptor proteins which recognize specific sorting motifs present in the 
cytoplasmic tail of transmembrane proteins. In the case of clathrin-mediated 
endocytosis three main classes of sorting signals can be discriminated: (1) short, linear 
motifs; (2) post-translational modifications such as ubiquitination and phosphor-
ylation; and (3) folded, structural motifs [48]. 
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For example, ubiquitin-modified trans-membrane receptors are clustered into clathrin-
coated pits and sorted towards the endo-lysosomal degradation pathway [49]. 
Phosphorylation and ubiquitination can act synergistically as degradation sorting 
signals, as reported in the case of EGF receptor (EGFR) sorting from Rab5 endosomes 
into multivesicular bodies (MVBs). In that case, EGF binding to EGFR results in 
phosphorylation of CIN85, an adaptor for the ubiquitin ligase cbl. Cbl in turn causes 
EGFR ubiquitination and both posttranslational modification events are needed to 
efficiently sort EGFR towards MVBs [50]. Therefore, receptor sorting can be modulated 
through differential activity of ubiquitin ligases and deubiquitinating enzymes [51]. The 
balance between ubiquitination and deubiquitination of internalized receptors is 
suggested to be an effective switch mechanism between receptor recycling back to the 
plasma membrane and receptor degradation through the late endosome-to-lysosome 
pathway [52]. Furthermore, adaptor proteins localizing to the TGN or recycling 
endosomes (e.g. AP1, AP4, Numb) are involved in polarized sorting of cell adhesion 
and cell signaling proteins (e.g E-Cadherin, Notch) to distinct apical or basolateral 
regions of polarized cells [53]. In summary, endocytic cargo sorting specifically 
channels internalized cargos through the endocytic network and regulates the sub-
cellular distribution, functional availability and local concentration of various signaling 
molecules. 
 
1.3 Regulation of signal transduction by endocytic trafficking 
 Since the late 1990s it is known that endocytosis is essential to regulate signal 
transduction downstream of ligand-activated receptors [54]. In the case of WNT/β-
catenin signaling, rapid endocytosis of WNT ligands is clathrin- and dynamin 
dependent. Blocking endocytosis of WNT ligands strongly reduces the intracellular 
accumulation of β-catenin and WNT target gene expression [55]. With a focus on the 
signal-receiving cell, the different mechanisms of endocytic regulation of cell signaling 
are discussed in this chapter. Secretion and exocytosis in the signal-sending cell are as 
important but won’t be discussed here. 
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1.3.1 Mechanisms: signal attenuation, signal propagation, signal amplification 
 Endocytic transport of signaling molecules can regulate the final signaling output 
in three main modes: (I) downregulation of signaling (by signal attenuation), (II) 
maintenance of signaling (by signal propagation), and (III) enhancing signaling (by 
signal amplification) [56]. 
 
Signal attenuation (Fig. 1.4 a): ligand-activated receptors are rapidly endocytosed and 
sorted into intraluminal vesicles (ILVs) of multivesicular bodies (MVBs) resulting in 
efficient removal from the cell membrane and lysosomal degradation. This physically 
separates the phosphorylated, signaling-capable receptor from its specific cytoplasmic 
effector proteins, disrupts signal transduction and effectively downregulates signaling 
activity. Signal attenuation is best understood for members of the RTK and GPCR 
families of transmembrane receptors and was first demonstrated for EGFR signaling 
[57-59]. Rapid internalization of EGFR upon EGF binding limits the initiation of signaling 
to the plasma membrane, as shown for the EFGR/MAPK pathway [60]. Recent live-cell 
imaging studies confirmed that rapid endocytosis of the GPRC D1 is crucial for 
regulating dopaminergic neurotransmission under physiological conditions [61]. Thus, 
signal attenuation is an important process to limit signaling activity to the plasma 
membrane and control hormone and growth factor signaling. 
 
Signal propagation (Fig. 1.4 b): internalized ligand-activated receptors continue to 
signal from endosomal compartments in parallel to signaling initiated at the cell 
membrane. The cytoplasmic tail of activated receptors remains phosphorylated at 
early endosomes and continues to recruit downstream signal transducer proteins to 
the endosomal membrane. First evidence that internalized ligand-receptor complexes 
continue to signal from endosomal compartments was obtained during the 1990s from 
work on several RTK family members [62]. Signaling from endosomes continues until 
the signaling complexes are internalized into ILVs during MVB formation, which 
effectively terminates the signaling process. Consequently, endosomes function as 
intracellular signaling platforms allowing for sustained signaling activity and integration 
of different signaling inputs. 
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Signal amplification (Fig. 1.4 c): upon internalization into early endosomes, the 
activated (phosphorylated) receptor specifically and selectively recruits adaptor 
proteins to endosomes. These adaptor proteins in turn bind transcriptional regulators 
which are transported through the cytoplasm and released upon phosphorylation 
(presumably in close vicinity to the nucleus). After nuclear translocation, the 
endosome-activated transcription factors can promote gene expression and enhance 
the final signaling output. This mode of endosome-specific signal amplification is 
known to occur in the TGF-β and BMP signaling pathways, in parallel to signaling 
initiated at the plasma membrane. 
 The duration and amplitude of a signaling process can be further modulated by 
endosomal recycling of internalized receptors and endosomal sequestration of signal 
transducing enzymes. Receptor recycling via a fast (Rab4-dependent) or a slow (Rab11-
dependent) recycling circuit, transports the receptor back to the plasma membrane 
where it can engage in another round of activation [63]. Recent work has shown that 
sequestration of GSK3 into MVBs is required to physically separate it from cytoplasmic 
substrates and by that promotes WNT/β-catenin signaling [64, 65]. In summary, 
endocytic trafficking is a major regulatory process to control spatio-temporal signaling 
activity. 
 
1.3.2 Endosomes function as intracellular signaling platforms 
 Through endosomal recruitment of Rab effectors, scaffolding and adaptor 
proteins, molecular motors, kinases and phosphatases, components of the actin 
machinery and signal transducers downstream of activated receptors, protein 
complexes can assemble at endosomal membranes [66]. Rab5 can specifically recruit 
processive Kinesin motors to early endosomes [67] and Rab5-positive endosomes are 
transported along the microtubule cytoskeleton [68]. This process is suggested to be of 
functional importance for the trafficking of phosphorylated receptors through an 
intracellular gradient of kinase and phosphatase activity. Endosomal transport of 
phosphorylated receptors along the cytoskeleton might facilitate signal transduction to 
physiologically relevant locations before cytosolic phosphatases deactivate the 
receptor [69, 70]. 
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Figure 1.4 The three primary modes of endocytic regulation of cell signaling. (a) Ligand-activated 
receptor tyrosine kinases (RTKs) and G-protein-coupled receptors (GPCRs) signal from the cell 
membrane through local formation of signaling complexes. Internalization of ligand-receptor complexes 
and their associated effector proteins into early endosomes, followed by sorting towards lysosomal 
degradation, effectively disrupts the signal transduction process and attenuates signaling. (b) Taking the 
MAPK signaling module (RAS-RAF-MEK-ERK) as an example, active RTKs and GPCRs can be maintained at 
the early endosomal level before being sorted towards lysosomal degradation. That allows for formation 
of signaling complexes downstream of the activated receptors at the endosomal membrane and 
transport through the cytoplasm. Signaling from endosomes is integrated with the signaling initiated 
from the cell membrane which results in sustained signaling activity. (c) Exemplified for signaling 
downstream of TGF-β receptors, receptor-activated Smad2 is recruited to early EEA1 endosomes by the 
endosome-specific adaptor protein SARA. At early endosomes, Smad2 gets phosphorylated, released 
from the endosomes and translocates to the nucleus to function as a transcriptional activator. Thus, 
signaling is generated at the early endosomal level and amplifies the signaling initiated at the cell 
membrane. Modified from [65]. For details refer to section 1.3.1 & 1.3.2. 
 
 Signaling can be differentially regulated from endosomes by recruitment of 
specific adaptor proteins to distinct endosomal sub-populations. Activated type I and II 
TGF-β receptors continue to signal from EEA1-positive early endosomes by recruiting 
the Smad2 binding protein and endosomal adaptor SARA (Smad anchor for receptor 
activation). SARA binds Smad2 at the early endosome which triggers Smad2 
phosphorylation and nuclear translocation, resulting in sustained TGF-β signaling [71]. 
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In contrast, caveolin-dependent internalization of TGF-β receptors into EEA1-negative 
endosomes results in endosomal recruitment of different downstream proteins 
(Smad7-Smurf2) and receptor turnover [72]. APPL-positive endosomes constitute 
second sub-population of early endosomes (in parallel to EEA1 endosomes) [45] that 
are implicated in regulating AKT signaling specificity [73] and Trk signaling [74] via 
endosomal signaling complexes. More recently, an elegant approach applying 
conformational biosensors provided direct evidence that GPCRs signal from EEA1-
positive endosomes in living mammalian cells [75] (Fig. 1.5). Signaling of agonist-
activated β2-adrenoceptor (prototypical GPCR) through the “adenylyl cyclase/cAMP” 
signaling module occurred in two distinct phases. The first phase was initiated at the 
cell membrane upon agonist binding and receptor activation, and the second phase 
emanated from early endosomes. Both signaling phases contributed to intracellular 
cyclic AMP (cAMP) accumulation, indicating that the downstream signaling response is 
integrated from cell membrane and endosomal signaling activity (Fig. 1.5). 
 
1.3.3 Regulation of developmental signaling by endocytic trafficking 
 Core components of virtually all the highly conserved signaling networks that 
control embryonic development, localize to endosomal compartments at some point 
during signal transduction. By differential internalization of morphogens, receptor 
sorting, and compartmentalization of signaling complexes, endocytic trafficking is a key 
process in the spatio-temporal regulation of signaling modules during animal 
development. It is hypothesized that endocytic regulation of developmental signaling 
is essential for parallel information processing and cross-talk of simultaneously active 
signaling pathways. An endocytic regulation of RTK signaling (FGFR, EGFR, TrkA), Notch 
signaling, TGF-β signaling (Nodal, BMP), Shh signaling and WNT signaling is known to 
occur during development across evolutionary distinct species (Drosophila, zebrafish, 
Xenopus, mouse) [14]. 
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Figure 1.5 Endosomes function as intracellular signaling platforms. The graphic exemplifies active 
signaling from endosomes through recruitment of signal transducers (AC: adenylyl cyclase) to an 
activated G-protein-coupled receptor (GPCR) internalized into EEA1 endosomes. Signaling through the 
β2-adrenergic receptor (β2AR) occurs in three waves. Receptor activation is detected by the nanobody 
Nb80 and G-Protein (GS) activation is detected by the nanobody Nb37. (a) Signaling is initiated at the cell 
membrane through ligand-receptor binding and G-protein activation. Recruitment of adenylyl cyclase 
(AC) to the ligand-receptor complex results in cAMP production and the first cAMP wave. (b) Receptor 
activation triggers also recruitment of the adaptor protein β-arrestin and results in receptor sorting into 
clathrin-coated pits (CCPs). β2AR sorting towards CCPs does stimulate the MAPK module (ERK signaling) 
until the internalized vesicles lose their clathrin coat. (c) Now, active β2AR can recruit signal transducers 
(AC) to the early endosome and continue to signal in the cAMP module (second cAMP wave). That 
means the signaling output downstream of the β2AR receptor is an integrated readout of three spatially 
and temporally distinct signaling events. Endocytosis and signaling from early endosomes occurs in 
parallel to signaling from the cell membrane. Modified from [76]. The graphic summarizes the results 
from Irannejad et al. [75]. 
 
One important conclusion from several independent studies is that the formation and 
interpretation of morphogen gradients depend on endocytosis [77]. Endocytosis 
regulates receptor recycling and receptor levels at the cell membrane to keep enough 
receptors available for threshold-breaking signaling activity, but not too many to trap 
all the ligands and hinder their diffusion [77]. Furthermore, differential internalization 
and compartmentalization of ligand-receptor complexes allows for continued signaling 
from endosomal compartments while the surface receptor levels remain low. Table 1.2 
provides examples for the endocytic regulation of developmental signaling.  
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Table 1.2 Regulation of developmental signaling by endocytic trafficking (examples) 
Signaling 
Pathway 
Process Mode of endocytic regulation Species (stage) 
FGF signaling 
Morphogen 
gradient 
formation 
(extra-cellular 
FGF8 
concentration 
gradient) 
Endocytic uptake of FGF8; clathrin-
mediated, dynamin dependent; 
establishment of a source-sink 
mechanism (extracellular FGF8 
gradient); endocytosis of FGF8 co-
regulates the shape of the gradient [78, 
79] 
Zebrafish 
(gastrulation) 
FGF signaling 
Morphogen 
gradient 
interpretation 
by cells in an 
embryonic 
field 
Modulating endosomal sorting of FGF8-
FGFR complexes between recycling and 
lysosomal degradation; ubiquitin-
dependent; lack of the ubiquitin signal 
reduces endosomal sorting towards 
lysosomes and increases FGFR signaling 
activity in presence of a WT-like FGF 
gradient [79, 80] 
Zebrafish 
(gastrulation) 
Notch signaling 
Cell fate 
specification 
of sensory 
organ 
precursors 
Directed trafficking of Delta-Notch 
complexes into only one daughter cell 
during asymmetric cell division; 
activates Notch signaling in only one 
daughter cell; SARA-dependent; binary 
signaling switch [81] 
Drosophila 
(organogenesis) 
TGF-β/DPP 
signaling 
Maintenance 
of DPP 
signaling 
during mitosis 
Equal distribution of SARA endosomes 
(containing DPP and its type I receptor) 
into daughter cell upon symmetric cell 
division [82] 
Drosophila 
(wing 
development) 
Shh signaling 
Muscle 
development 
Regulation of cell membrane vs. sub-
cellular localization of the Shh signal 
transducer Smoothened; dependent on 
clathrin-mediated endocytosis [83, 84] 
Zebrafish 
(organogenesis) 
Akt signaling 
Cell survival 
regulation 
Recruitment of Akt and GSK3β to APPL 
endosomes to form local signaling 
platforms that modulate Akt signaling 
specificity [85] 
Zebrafish 
(embryogenesis) 
BMP signaling 
Embryonic 
patterning 
Modulation of BMP signaling activity 
through sorting of activated BMP-
receptor complexes towards late 
endosomes [86] 
Mouse 
(gastrulation) 
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Table 1.2 Regulation of developmental signaling by endocytic trafficking (continued) 
Signaling 
Pathway 
Process Mode of endocytic regulation Species (stage) 
WNT/β-catenin 
signaling 
Neural crest 
cell migration 
WNT/β-catenin signaling depends on 
early-to-late endosome maturation 
and the balance between early EEA1 
endosomes and lysosomes; block of 
lysosomal degradation results in 
accumulation of Frizzled7 at the cell 
membrane and enhanced WNT 
signaling [87] 
Zebrafish 
(organogenesis) 
WNT signaling 
Neuro-
ectoderm 
and mesoderm 
patterning 
regulation of LRP6 (Frizzled co-
receptor) internalization; differential 
internalization of LRP6 can switch 
between β-catenin-dependent and β-
catenin-independent WNT/PCP 
signaling [88-91] 
Zebrafish 
(embryogenesis) 
WNT/PCP 
signaling 
Morphogenetic 
movements 
clathrin-mediated endocytosis of 
WNT co-receptor syndecan-4 induces 
JNK phosphorylation and nuclear 
accumulation (activates WNT/PCP 
signaling) [92] 
Xenopus 
(gastrulation) 
WNT/β-catenin 
signaling 
Embryonic axis 
formation 
Sequestration of GSK3 into MVBs and 
physical separation from cytoplasmic 
substrates (like β-catenin); positive 
regulation of WNT/β-catenin signaling 
[64, 65] 
Xenopus 
(gastrulation) 
 
1.4 The Zebrafish as a model system to investigate developmental 
signaling 
 The zebrafish (Danio rerio) is a small (adults are ≤ 6 cm in length) freshwater fish 
belonging to the Cyprinidae family of ray-finned fishes (Actinopterygii), native to the 
tropical Himalayan region of southeastern Asia. George Streisinger and colleagues 
established the zebrafish as model system for vertebrate genetics at the University of 
Oregon [93]. Since then, the zebrafish was gradually introduced as vertebrate model 
system to investigate basic biological, as well as environmental and medically relevant 
processes. Its significance as model organism was consolidated through the results of 
the Tübingen/Boston mutant screens published in 1996 [94-96]. 
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Those screens identified about 1500 mutations in more than 400 genes that were 
essential for zebrafish embryogenesis [97]. Many of these genes code for core 
components of major signaling pathways governing vertebrate development. In 
combination with embryological and molecular analysis, these mutants helped to 
dissect core signaling mechanisms regulating the formation of the vertebrate body 
plan, including patterning, fate specification and morphogenetic movements [98]. 
 Zebrafish embryos remain transparent during the first day of development and 
develop outside of the mother. This allows for the direct visualization and 
quantification of signaling processes in vivo, down to the sub-cellular level. This 
chapter provides a short overview of early zebrafish embryogenesis with a focus on 
gastrulation. 
 
1.4.1 Overview of early zebrafish development (1st day of development) 
 A detailed morphological description of zebrafish embryonic development (first 3 
days after fertilization) was provided by Charles B. Kimmel in 1995 and the 
developmental stages relevant for this study are termed and described according to 
that paper [99] (Fig. 1.6). 
 
Zygote period (1-cell stage; 0-0.75 hpf): After fertilization, the first embryonic cell 
forms on top of the yolk cell and marks the prospective animal pole of the embryo. 
Directed cytoplasmic streaming from the yolk cell towards one pole of the zygote 
drives the formation of the first embryonic cell. 
 
Cleavage period (2-cell to 64-cell stage; 0.75-2.25 hpf): After the first cell has divided, 
successive rounds of rapid, synchronous cell divisions produce the initial mass of 
embryonic cells (blastomeres). During this period, the embryo does not increase in 
volume, resulting in smaller and smaller cells after each round of cell division. 
Blastomeres are not yet committed to a specific developmental fate. 
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Blastula period (128-cell to 30% epiboly stage; 2.25-5.25 hpf): Cell divisions continue 
to increase the mass of blastomeres which form a spheroid-like dome on top of the 
yolk cell (the blastula). Beginning during the 512-cell stage, zygotic gene transcription 
is initiated in a process called mid-blastula transition (MBT) and control over 
development is switched from maternally delivered RNAs and transcription factors to 
the zygotic genome [100]. During mid-blastula stages, marginal cells at the border of 
the subjacent yolk cell fuse with the yolk cell and form the yolk syncytial layer (YSL). 
This layer of nuclei serves as an important interphase between the yolk cell and 
embryonic cells and is required for regulating the nutrient transfer from yolk to 
embryonic cells, for initial patterning events and for the induction of mesoderm at the 
onset of gastrulation. Besides the YSL, embryonic cells can be morphologically 
distinguished into two additional cell populations or layers by then: cells of the 
enveloping layer (EVL) and deep cells, which together are termed the blastoderm. EVL 
cells form an epithelial monolayer cell sheet which eventually covers the whole 
embryo. Deep cells comprise the vast majority of embryonic cells, located in several 
layers in between the YSL and EVL. 
 
Gastrula period (50% epiboly to tailbud stage; 5.25-10.5 hpf): During gastrulation, the 
basic vertebrate body plan is established by transforming the largely unstructured 
blastula into the morphologically well-defined, head-to-tail patterned embryo. 
Complex morphogenetic movements and fate specification events give rise to the 
three germ layers, the dorsal-ventral and anterior-posterior axes, and organ 
progenitors. Embryonic cells are not yet committed to a specific developmental fate 
until the beginning of gastrulation. The end of gastrulation culminates in the formation 
of the embryonic axis at tailbud stage. 
 
Segmentation period (1 ss to 26 ss stage; 10.5 -24 hpf): Once the embryonic axis is 
established, primary organs develop and the embryo significantly extends while 
continuing patterning processes produce head, trunk and tail structures. 
Somitogenesis (the segmentation of the embryo into somites) and neurulation (the 
formation of the neural tube and central nervous system) are the first obvious organ 
formation processes. 
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They coincide with the development of pronephric kidneys, the notochord, eye 
structures, olfactory and otic placodes, and pharyngeal arches. Towards the end of the 
segmentation period, development of the cardiovascular system begins and the first 
functional activity of the neuro-muscular system appears (spontaneous myotomal 
contractions). At 24 hpf, the embryo has developed into a bilaterally organized 
zebrafish larva with the major primary organs being specified. 
 
1.4.2 The complex morphogenetic movements during zebrafish gastrulation 
 
“It is not birth, marriage, or death, but gastrulation which is truly the most important 
time in your life.” (Lewis Wolpert) 
 
 Gastrulation is a central process during development and highly conserved 
across species. The three germ layers (ectoderm, mesoderm, endoderm) are specified 
and positioned correctly with respect to each other during gastrulation. All future 
embryonic and adult tissues and organs derive from one of the germ layer precursor 
cell populations. Major patterning events establish the dorsal-ventral (D/V) and 
anterior-posterior (A/P) axes, resulting in the formation of the major initial embryonic 
axis. Organ precursor cell populations are specified in the correct head-to-tail 
organization along the embryonic axis. Importantly, the well-coordinated cell 
rearrangement and fate specification events taking place during gastrulation are 
essential for all future developmental processes (somitogenesis, organogenesis etc.). 
Disturbances of gastrulation processes usually translate into severe developmental 
defects, which accumulate as development proceeds. Three evolutionarily conserved 
morphogenetic movements are essential for zebrafish gastrulation and account for the 
strictly regulated cell migration processes: Epiboly, Internalization, and Convergence 
and Extension (C/E). 
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Figure 1.6 The first day of zebrafish embryogenesis. Camera lucida drawings of selected developmental 
stages from the zygote (1-cell stage) to the early, bilateral organized zebrafish larva (24 hpf). Nomen-
clature according to morphological features. Images modified from reference [99]. For details refer to 
section 1.4.1 and to reference [99]. The arrows indicate important anatomical structures. 1: dome 
formation at the beginning of epiboly; 2, 3: germ ring; 4, 5: shield (dorsal organizing center); 6: 
extending dorsal axis; 7: blastoderm margin closing over the yolk; 8: anterior pole of the dorsal 
embryonic axis; 9: eye primordium; 10: otic placode; 11: somites; 12: yolk extension; 13: midbrain-
hindbrain boundary  
 
Epiboly [101]: Towards the end of the blastula period epiboly begins, the first major 
morphogenetic movement reorganizing the early embryo (Fig. 1.7). Epiboly is the 
thinning and spreading of mono- and multilayered cell sheets over the yolk cell, along 
the animal-to-vegetal axis. 
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During epiboly, the blastoderm as well as the YSL collectively spread over the yolk cell, 
resulting in global cell movements towards the vegetal pole (Fig. 1.7). The spreading of 
the blastoderm over the yolk cell, along the animal-to-vegetal axis, is referred to as 
“% epiboly”. Epiboly is considered a two-phase process. The first phase, initiation, is 
marked by the morphological transition from sphere (4 hpf) to dome stage (4.3 hpf) 
(Fig. 1.7 A). Radial intercalation is the major cell movement during the initiation phase. 
Radial intercalation is the intermixing of deep cells through cell migration of more 
centrally located deep cells towards the blastoderm periphery (Fig. 1.7 B). The second 
phase is epiboly progression, which begins at 30% epiboly and progresses in synchrony 
with the other gastrulation movements, which are initiated at 50% epiboly (Fig. 1.7 C-
E). Epiboly ends with the closure of the blastopore at the vegetal pole at the end of 
gastrulation, when the coherent movements of blastoderm and YSL have fully engulfed 
the yolk cell (tailbud stage; 10 hpf). 
 
 
Figure 1.7 Zebrafish epiboly. (A) At sphere stage, blastomeres sit as a coherent cell mass on top of the 
yolk cell and form a flat interface with the underlying yolk cell. (B) Radial cell intercalation drives inner 
blastomeres towards the outer periphery, increasing tension globally, and resulting in epiboly initiation. 
(C) The blastoderm spreads over the yolk cell, thinning and expanding its surface area. (D) Once the 
blastoderm has reached 50% epiboly, having covered half of the yolk cell, gastrulation is initiated 
(indicated by shield formation at the future dorsal axis). (E) During gastrulation, epiboly continues in 
coordination with the other gastrulation movements until embryonic cells have fully covered the yolk. 
Black arrows indicate the direction of cell migration movements. d: dorsal; dc: deep cells; dcm: deep cell 
margin; evl: enveloping layer; ysn: yolk syncytial nuclei; e-ysn; external yolk syncytial nuclei; ep: epiblast; 
hyp: hypoblast; i-ysn: internal yolk syncitial nuclei; vp: vegetal pole; yc: yolk cell. For details refer to 
section 1.4.2. Modified from [101]. 
 
Internalization [102]: In zebrafish, the onset of gastrulation is marked by the 
formation of the “germ ring” at 50% epiboly. The germ ring is formed by a local 
thickening of the blastoderm margin around the entire circumference (equivalent of 
the blastopore in Xenopus and primitive streak in mouse and chick). 
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Mesendodermal progenitor cells within the margin internalize by moving as a 
continuous stream over the margin down towards the yolk cell, resembling a “folding-
in” of the blastoderm margin. Germ ring formation coincides with the transient 
slowing down of blastoderm epiboly progression. Germ ring cells that have 
internalized are termed “hypoblast cells” and non-internalized cells are termed 
“epiblast cells” (Fig. 1.7 E). Hypoblast cells (specified as mesendoderm) eventually 
migrate coherently towards the animal pole of the gastrula, counterbalancing the 
vegetally moving epiblast cell layer. In the future dorsal region of the gastrula’s germ 
ring, blastoderm cells converge and form a compact population of cells, the embryonic 
“shield” (Fig. 1.8 A). The shield is the zebrafish major dorsal organizing center and is 
the functional equivalent to the Spemann–Mangold organizer in Xenopus and Hensen’s 
node in amniotes. The shield marks the region of the future dorsal axis and the first 
axial mesendoderm structures are formed by collective cell migrations of a tightly 
packed group of cells specified as prechordal plate. Internalization in the dorsal shield 
region occurs by the ingression of individual cells [103], while cells in ventro-lateral 
regions internalize via involution of cell sheets [104] (Fig. 1.8 A). Around 70% epiboly, 
mesoderm and endoderm cells in lateral regions of the embryo adjust their migratory 
trajectories towards the future dorsal axis and globally migrate dorsally in a directed 
manner (Fig. 1.8 B). These combined cell migration processes are termed Convergence 
and Extension movements. 
 
Convergence and Extension (C/E) [105]: C/E is the morphogenetic process which leads 
to the narrowing (convergence) of a tissue in one dimension, while lengthening 
(extension) it with respect to the perpendicular axis (Fig. 1.8). During C/E, all three 
germ layers are narrowed in the medio-lateral direction towards the dorsal midline 
and extended along the anterior-posterior axis to shape the dorsally located 
embryonic body axis (Fig. 1.8 A-C). The type of cell migration which accounts for C/E 
movements in the dorsal gastrula domain is called medio-lateral intercalation. 
Ectodermal and mesodermal cells become highly elongated, acquire a bipolar shape 
and align their long axes perpendicular to the dorsal midline. In parallel, cells from 
both sides of the dorsal midline intercalate with each other, compacting the dorsal 
midline domain and extending it along the anterior-posterior axis. 
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In par-axial dorsal domains of the gastrula, medio-lateral and polarized radial 
intercalations account cooperatively for C/E. Mesoderm and endoderm cells 
positioned in lateral domains contribute to C/E via directed cell migration towards the 
emerging dorsal axis. In the most ventral domain of the gastrula, C/E movements are 
absent and mesoderm cells migrate directly towards the animal pole. C/E movements 
are considered to be a combined process in which convergence and extension occurs 
simultaneously and interdependent (as shown in Xenopus), but evidence from work in 
zebrafish suggests a possible separation of these two processes [106]. For example, in 
the zebrafish Smad5 mutant somitabun (disrupted BMP signaling) convergence is 
impaired while extension remains largely unaffected [107]. In summary, C/E 
movements establish the dorsal embryonic axis and depend on intact developmental 
signaling. 
 
1.4.3 Developmental signaling during zebrafish gastrulation 
 The primary patterning of the future embryo is maternally controlled, as the 
animal-vegetal axis is specified during oogenesis and dorsal determinants are 
deposited into the egg by the mother. A key protein mediating the maternally 
regulated symmetry-breaking in the pre-gastrula embryo, by establishing the primary 
D/V axis, is β-catenin. During cleavage stages, β-catenin is stabilized on the future 
dorsal side of the embryo, accumulates in nuclei of the YSL and activates the 
expression of several target genes (Fig. 1.9 a) [108]. One of them, bozozok (boz), 
transcriptionally represses the expression of vox, vent, and ved in dorsal blastomeres, 
confining their expression to the ventro-lateral margin (Fig. 1.9 b). Zebrafish has two β-
catenin genes (β-catenin-1 & β-catenin-2) which are functionally different. β-catenin-2 
is specifically required for establishing the primary D/V axis (maternally controlled) in 
the blastula and subsequently for dorsal organizer formation [109]. This pre-gastrula β-
catenin-2 function does not require input from upstream WNT signaling. β-catenin-1 
does not function in the pre-gastrula embryo but is required during gastrulation. That 
suggests that β-catenin-1 function during gastrulation stages is specifically 
downstream of WNT signaling. 
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Figure 1.8 Convergence and Extension movements (C/E) during zebrafish gastrulation. (A-C) Summary 
of morphogenetic movements that shape the gastrulating zebrafish embryo and lead to the 
establishment of the dorsal embryonic axis (C). Lateral view, animal/anterior pole to top, dorsal to the 
right. (A) The onset of gastrulation. The shield is formed on the right by convergence (light blue arrow) 
and ingression (pink arrows) cell migration movements. (B) At mid-gastrulation (70-75% epiboly), cells in 
ventro-lateral areas of the embryo (except for the most ventral cells) collectively migrate massively 
towards the forming dorsal axis (on the right, indicated by the orange extension arrows). Hypoblast 
migration towards the future anterior pole is indicated with the green arrow and epiblast migration 
towards the future posterior pole is indicated with the purple arrows (following the direction of 
epiboly). (C) The final C/E movements shape the dorsal embryonic axis which has significantly extended 
at the end of gastrulation. A: anterior; P: posterior; V: ventral; D: dorsal. For details refer to section 
1.4.2. Modified from [105]. 
 
 Maternally contributed factors are essential for establishing the three main 
organizing centers at the onset of gastrulation: the yolk syncytial layer, the ventro-
lateral margin, and the shield (dorsal organizer) (Fig. 1.9 c). Despite this maternally 
controlled primary patterning of the pre-gastrula embryo, individual blastomeres are 
not committed to particular fates or lineage restricted until the onset of gastrulation. 
A few highly conserved signaling pathways (BMP, WNT, Nodal, FGF) pattern the 
embryo by providing positional information and activating transcription factors that 
control fate specification and lineage restriction (Fig. 1.9 d-g) [98]. 
 
BMP signaling pathway: The BMP branch of TGF-β signaling is essential for D/V 
patterning during gastrulation by establishing a ventral-to-dorsal BMP activity gradient 
and inducing ventral fates along this axis. The BMP activity gradient is determined by 
graded expression of BMP ligands along the ventral-to-dorsal axis of the early gastrula 
(shield stage; Fig. 1.9 d) [110]. 
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This concentration gradient of extracellular BMP ligands directly translates into a 
gradient of nuclear enrichment of phosphorylated Smad1/5/8, with highest intensities 
(nuclear enrichment) in the gastrula’s ventral half [111]. The BMP activity gradient is 
negatively regulated by BMP-ligand binding proteins (e.g. Chordin, Noggin) and BMP-
receptor antagonists (expressed in a dorsal-to-ventral concentration gradient). Early 
during gastrulation, BMP signaling is required for global D/V patterning decisions to 
specify ventro-lateral and posterior cell fates. Later during gastrulation, BMP signaling 
is required for tail formation. Mutants for BMP ligands (BMP2b, BMP7), the BMP 
receptor (Alk8) or a downstream transcription factor (Smad5) are severely dorsalized, 
mainly lacking ventral structures. In contrast, BMP antagonist mutants (e.g. chordin) 
are strongly ventralized as ventral fates are induced globally along the D/V axis [98]. 
 
WNT signaling: Two distinct branches of the WNT pathway are essential for the 
correct patterning of the zebrafish gastrula (and vertebrates in general). WNT/β-
catenin signaling is required for specification of ventral and posterior fates, while 
WNT/PCP signaling regulates C/E movements. WNT/β-catenin signaling is active in the 
ventro-lateral margin of the early gastrula, as indicated by the expression of its ligands 
WNT8 and WNT3, as well as nuclear accumulation of β-catenin (Fig. 1.9 e). Knockout of 
WNT8 results in loss of ventral and posterior structures, while dorsal fates are 
expanded. Reduction of WNT/β-catenin signaling by Morpholino-mediated double-
knockdown of WNT3a/WNT8 leads to an expansion of the dorsal organizer, dorsal and 
anterior structures, and a loss of posterior body structures [112]. Besides limiting the 
expansion of the dorsal organizer, β-catenin dependent WNT signaling is involved in 
repressing mesodermal fates and shaping the axial mesoderm domain [98]. 
Furthermore, WNT8 is required to correctly position the midbrain-hindbrain boundary 
during ventro-posterior patterning of the zebrafish neuroectoderm [113]. Cell 
behaviors underlying C/E movements like regulation of cell polarity, directed cell 
migration, and medio-lateral and radial cell intercalation are under control of the 
WNT/PCP pathway [105]. The anterior-directed and coherent migration of prechordal 
plate cells depends on the WNT/PCP ligand WNT11 [114, 115], and polarized cell 
intercalation movements require the WNT/PCP core components Vangl2 and Knypek 
[116]. 
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Nodal signaling: The Nodal/Activin branch of the TGF-β pathway is essential for 
inducing mesoderm and endoderm at the onset of zebrafish gastrulation and for 
specifying left-right asymmetry during later gastrulation stages [117]. Mutant analyses 
of the two zebrafish Nodal ligands, Cyclops and Squint, have shown that Nodal 
signaling contributes to the patterning of the mesendoderm along the animal-to-
vegetal axis [118]. Furthermore, complete elimination of Nodal signaling in 
cyclops/squint double mutants or maternal-zygotic one-eyed pinhead mutants (Nodal 
co-receptor) prevents the formation of endoderm and mesoderm almost completely. 
Squint and cyclops are expressed throughout the embryonic margin, but cyclops 
expression is increased in dorsal shield mesoderm (Fig. 1.9 f). Dorsal versus ventro-
lateral mesoderm requires different levels of squint and cyclops expression [118] and 
Nodal-regulated genes largely fall into two distinct groups based on their expression 
patterns (expressed in the dorsal margin vs. expressed throughout the margin) [119]. 
Absence of Nodal signaling prevents marginal cells from internalization, showing that 
Nodal signaling also contributes to morphogenetic movements during early 
gastrulation. For the Nodal ligand Squint and its inhibitor Lefty, a long-range signaling 
mechanism is suggested to fine-pattern the mesoderm along the anterior-posterior 
axis [98, 120]. 
 
FGF signaling: During zebrafish gastrulation, signaling through FGF ligands and their 
respective receptors is mainly required in combination with the above mentioned 
signaling pathways to pattern the main embryonic body axis. FGF ligands are 
expressed in the embryonic margin and form a vegetal-to-animal activity gradient, 
which is established through extracellular diffusion of FGF ligands (Fig. 1.9 g) [78]. At 
the onset of zebrafish gastrulation, FGF signaling downstream of β-catenin is required 
for dorsal organizer formation and regulates chordin expression [121]. Together with 
Nodal signaling, FGF co-regulates the expression of chordin in par-axial regions which 
in turn directly modulates the BMP activity gradient [122]. The combinatorial effect of 
Nodal, FGF and BMP signaling is also observed during endoderm formation. Here, the 
nodal-induced endoderm formation is limited to regions of low FGF signaling activity 
[123]. 
  
Introduction 
 
 
36 
 
Figure 1.9 Developmental signaling at the onset of zebrafish gastrulation. (a & b) Scheme of a late 
blastula embryo (animal pole to top and dorsal to the right; green: blastomeres; grey: YSL; yellow: yolk) 
showing the accumulation of maternally delivered β-catenin-2 in dorsal blastomeres (a). This is an early 
symmetry-breaking event that leads to differential gene expression in the dorsal blastomeres and 
specification of the dorsal organizer center and the future dorsal axis. Genes downstream of β-catenin 
(e.g. bozozok) are only expressed in a small field of dorsal blastomeres and their corresponding proteins 
repress locally the expression of ventral genes (vox/vent/ved). This symmetry breaking establishes the 
early dorso-ventral axis (b). (c) The three major organizing centers at the onset of zebrafish gastrulation 
are shown (animal pole to top and dorsal to the right). The YSL is crucial to induce mesendodermal fates 
(green arrows). The ventro-lateral margin is crucial to induce posterior fates (hindbrain, tail, trunk; red 
arrows). The shield induces dorsal and anterior structures (blue arrow). (d-g) Signaling pathways that 
pattern the early zebrafish embryo at the onset of gastrulation (lateral view, animal pole to top and 
dorsal to the right). The fields of signal expression on the left indicate the regions in which respective 
pathway ligands are expressed (mainly based on in situ hybridization experiments). On the right, the 
graded fields of pathway activity (“Signal activity”) indicate the morphogen gradients that form along 
the dorso-ventral (e.g. BMP, partially WNT) and animal-vegetal (Nodal, FGF) axes across the embryo. For 
details refer to section 1.4.3. Modified from [98]. 
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FGF signaling directly regulates transcription factors of the T-box family (ntl, tbx6, 
tbx16) which are required for posterior mesoderm formation [124]. A recent study 
suggests that FGF signaling, in combination with BMP and WNT signaling, maintains 
the robust and specific expression of genes involved in embryonic patterning [125]. 
 
Hedgehog signaling: Signaling through the Hedgehog pathway is not required to 
pattern the zebrafish gastrula, but its activity during late gastrulation is essential to 
regulate both patterning and proliferation of organ precursors. The ligand Sonic 
hedgehog (shh) is expressed in axial chorda mesoderm and overlying neuroectoderm 
at late gastrulation stages. Its receptor and transcriptionally regulated downstream 
target gene Patched (ptc) is expressed in axial and ad-axial cells of meso- and 
neuroectoderm [126]. During late gastrulation stages, Hedgehog signaling is required 
to specifically drive proliferation of endodermal cells [127], to specify the floor plate 
(neural tube patterning) [128], and to induce the fin field [129]. 
 
Several other conserved, receptor-mediated signaling systems functionally cooperate 
with the above mentioned signaling pathways to achieve the precisely patterned 
embryonic body axis. Examples include GPCRs [130] and retinoic acid signaling [131, 
132]. In summary, the fine-patterning of the zebrafish gastrula (and vertebrate 
embryos in general) is achieved through extensive pathway-crosstalk and integration 
of parallel signaling inputs in a complex, highly context-dependent manner [133]. 
 
1.5 The novel Rab5 effector P95 
 How the signaling output of individual signaling networks (pathways) is 
modulated through differential endosomal sorting of their molecular components, is 
still an outstanding problem to solve. How convenient would it be to have a strategy to 
specifically modulate early endosomal cargo-sorting in vivo, without blocking 
endocytosis? P95 (PPP1R21) was discovered in the Zerial lab as novel Rab5 effector 
and core component of a stable 5-protein complex (P5 complex, Fig. 1.10). All 5 genes 
encoding the P5 complex subunits are highly conserved in vertebrates. P95 specifically 
binds active Rab5 (Rab5-GTP) and acts as a scaffolding protein that recruits the other 
P5 complex subunits to early endosomes. 
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In the genome-wide screen on endocytosis in HeLa cells, knockdown of P95 by RNAi 
was found to selectively affect functionally distinct sub-populations of Rab5 early 
endosomes and the cargo sorting between them [1]. Several different siRNAs against 
human P95 consistently result in larger EEA1 endosomes with a different sub-cellular 
localization and increased co-localization of signaling cargo (EGF) with APPL 
endosomes. Further investigations revealed that P95 localizes to Rab5/EEA1 double-
positive, but not to APPL1 early endosomes, establishing it as specific marker for the 
EEA1 sub-population of Rab5 endosomes. Strikingly, P95 functions at the level of EEA1 
endosomes without affecting endocytosis itself, as P95 knockdown does not block the 
endocytic uptake of different cargos in HeLa cells. Detailed cell culture studies 
demonstrated that P95 is required for maintaining EEA1 compartment integrity 
(endosome number, size and distribution) and by that for the correct balance between 
functionally distinct endosomal sub-populations (EEA1 vs. APPL1). Through its function 
at EEA1 endosomes, P95 modulates the sorting of signaling cargo (EGF + EGFR) at the 
early endosomal level. Depletion of P95 protein by RNAi increases the retention time 
of EGF in APPL endosomes by limiting EGF sorting to EEA1 endosomes, and results in 
increased signaling activity downstream of activated EGFR (Wieffer et al., manuscript 
in preparation). 
 The function of P95 in sorting molecular signaling components at the early 
endosomal level and its evolutionary conservation in vertebrates, make it an excellent 
candidate gene to investigate the endocytic modulation of cell signaling during 
vertebrate development. We used the combined experimental advantages of the 
zebrafish model system (embryological, cell biological, genetic and imaging assays) to 
investigate the functional relevance of P95 for developmental signaling during 
zebrafish gastrulation. 
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Figure 1.10 The novel Rab5 effector P95. P95 (PPP1R21) localizes to the Rab5/EEA1 double-positive sub-
population of early endosomes in HeLa cells (overview on the left; P5: P5 complex). P95 binds 
specifically to active Rab5 (Rab5-GTP) and serves as a scaffold to recruit a stable 5-protein complex (P5 
complex) to the endosomal membrane (scheme on the right shows the P5 complex components). The 
genes encoding the P5 complex proteins are: P95 (PPP1R21), TBCK, C12orf4, CRYZL1, and PDDC1. P95 
and the P5 complex are required to maintain the integrity of the EEA1 endosome and the precise 
balance between EEA1 and APPL1 early endosomes. A direct consequence of interfering with P95 
function in HeLa cells is the disruption of the P5 complex and altered cargo sorting between EEA1 and 
APPL1 compartments. P95 is the scaffold that keeps the P5 complex intact and without P95 the complex 
is unstable and disintegrates. The exact molecular interactions of the P5 complex sub-units are not yet 
fully understood (the double arrows in the right scheme indicate the unknown binding of sub-units 
within the complex). 
 
 
 
Project Aims 
 
 
40 
2. Project Aims 
 
 Extensive scientific evidence has accumulated in the past years demonstrating 
the essential function of the endocytic system in regulating and modulating 
intracellular and intercellular signal transduction. The majority of those studies was 
done in different cell culture systems and revealed that molecular components of 
almost all the major signaling pathways, which also operate during multicellular 
development, localize to endosomal compartments. Furthermore, signaling activity 
and specificity depend on an intact trafficking system to such a degree that the 
signaling output can be regulated through molecular interactions at the level of 
functionally distinct endosomes. Knowledge about how much of these detailed 
findings translate into functional relevance in a complex in vivo environment, such as 
during development, is still largely incomplete. 
 The general aim of my PhD Thesis project was to contribute to a better 
understanding of the regulation of developmental signaling by the endocytic system. 
Using zebrafish as a model system, we analyzed the function of a novel endocytic 
protein and Rab5 effector in modulating developmental signaling, at the level of the 
whole embryo, the level of the cell, and at the level of sub-cellular endocytic 
compartments. 
 
Three major project aims were defined: 
1. Provide the first in vivo characterization of the novel Rab5 effector P95 (PPP1R21) 
during zebrafish development. 
2. Systematically analyze the functional relevance of P95 for developmental signaling 
on the basis of one specific signaling pathway. 
3. Investigate if the endocytic trafficking of molecular signaling components is 
modulated in a P95-depedent manner and if that modulation can be correlated to 
the functional signaling output of the respective signaling pathway. 
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3. Results 
 
3.1 Full-length zebrafish P95 is expressed during early zebrafish 
embryogenesis 
 The P95 (PPP1R21) gene is highly conserved in vertebrates but no functional 
characterization is published to date. The zebrafish (Danio rerio) carries one copy of 
the P95 gene (zgc:92087) and only one publicly available clone (NM_001007299), 
derived from adult zebrafish, was available at the start of my thesis project. In order to 
functionally characterize P95 during zebrafish development, we cloned the full-length 
zebrafish P95 homolog and analyzed its expression during the first day of zebrafish 
embryogenesis. 
 
3.1.1 Zebrafish full-length P95 is the homolog of human full-length P95 
 To analyze the function of zebrafish P95 (zgc:92087) during development, we 
first cloned the zebrafish P95 transcript and verified that it is the actual homolog of 
human P95. Total RNA was isolated from wild-type zebrafish embryos (of the two 
major genotypes AB and TL) of three different developmental stages (tailbud stage = 
end of gastrulation, 3 ss = start of somitogenesis/organogenesis, 24 hpf = zebrafish 
larvae with all major organ systems). Reverse transcription and PCR using primer 
(P95P4-Fw + P95P4-Rv, see section 6.2.4) to amplify the full-length P95 coding 
sequence, resulted consistently in the amplification of 1 major product of 2376 
nucleotides length. Practically, only 1 major P95 transcript (2.3 kb length) could be 
consistently amplified from total RNA extracts of all the embryonic stages tested. 
Sequencing of the amplified 2.3 kb product confirmed it as zebrafish P95, identical for 
both wild-type strains tested (AB & TL from the MPI-CBG fish facility). Sequence 
alignment and similarity analysis revealed that the published zebrafish P95 transcript 
(derived from adults; NM_001007299) was significantly shorter than the P95 version 
we have cloned from embryonic stages (Fig. 3.1). The annotated zebrafish P95 
transcript from adult fish (NM_001007299) lacked 378 nucleotides within the middle 
of the transcript (Fig. 3.1 A&B). 
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Mapping the two zebrafish P95 transcripts to the zebrafish P95 gene, indicated that 
the insertion within our cloned, longer transcript could represent an additional exon 
(Fig. 3.1 B). This missing sequence fragment corresponded to a peptide within the 
conserved C-terminal coiled-coil domain of the P95 protein. P95 contains two 
evolutionary conserved coiled-coil domains (with unknown function) at the N- and C-
terminus of the protein, respectively. Protein domain prediction confirmed that the 
embryonic zebrafish P95 transcript contained the two complete conserved coiled-coil 
domains, while the C-terminal domain of the P95 transcript from adult zebrafish was 
incomplete (Fig. 3.1 C). 
 
 
Figure 3.1 Full-length zebrafish P95, cloned from zebrafish embryos, is the homolog of human P95. 
(A) The coding sequence (CDS) of the adult-derived zebrafish P95 transcript (NCBI; NM_001007299; 
ppp1r21; zgc:92087) was aligned to the full-length P95 CDS cloned from zebrafish embryos (using 
ClustalW). The numbers indicate the transcript length in nucleotides. The insert indicates the sequence 
fragment missing in the P95 transcript derived from adult zebrafish. (B) The two zebrafish P95 
transcripts (adult- vs. embryonic-derived) were mapped to the NCBI zebrafish P95 gene using BLAT. The 
red arrow indicates that the insertion in the embryonic-derived zebrafish P95 transcript could represent 
an additional exon within the P95 gene. (C) The Pfam protein domains from human P95, published 
zebrafish P95 (NCBI; NM_001007299; adult-derived), and embryonic-derived zebrafish P95 (cloned) 
were predicted using the Interproscan plugin in the Geneious software. The cloned zebrafish P95 
transcript (zfP95) was predicted to contain the complete, highly conserved N-terminal KLRAQ 
(pfam10205) and C-terminal TTKRSYEDQ (pfam10212) coiled-coil domains. Full-length zebrafish P95 was 
predicted to be 60% identical and 77% similar to the human full-length P95 protein (by the BLASTP and 
clustalW algorithms). 
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Comparison of the proteins predicted from the human full-length P95 transcript and 
the P95 transcript we cloned from zebrafish embryos, showed that they are 60% 
identical (percentage of identical amino acids) and 77% similar (percentage of amino 
acids with similar chemical properties) (Fig. 3.1 C). That strongly suggests that the P95 
transcript we have cloned from zebrafish embryos represents the full-length transcript 
of the zebrafish P95 gene and the functional homolog of human full-length P95. 
Furthermore, it indicates that the shorter P95 transcript, derived from adult wild-type 
fish, might be a splice variant not required during early development (it is known from 
the human P95 homolog that several splice isoforms exist). Only the full-length P95 
transcript cloned from zebrafish embryos (zfP95) was used to analyze its expression 
pattern, the sub-cellular localization of its corresponding protein, and its function 
during zebrafish development. 
 
3.1.2 Full-length zebrafish P95 is ubiquitously expressed during zebrafish gastrulation 
 To analyze if zfP95 was maternally delivered and confined to specific expression 
domains during early zebrafish embryogenesis, we detected zfP95 mRNA levels by 
whole-mount in situ hybridization (WISH) throughout the first day of development. 
zfP95 mRNA was maternally delivered into the zygote and ubiquitously expressed from 
the 2-cell stage onwards until the end of gastrulation (tailbud stage) (Fig. 3.2). Robust 
zfP95 expression was observed during blastula stages, but zfP95 mRNA levels declined 
at the onset of gastrulation (germ ring) and remained low until the end of gastrulation 
(tailbud stage) (Fig. 3.2). During somitogenesis, enrichment of zfP95 expression was 
observed in anterior domains of the future nervous system and posterior domains of 
the tailbud region. At 24 hours post fertilization (hpf), zfP95 mRNA levels were strongly 
upregulated and confined to anterior regions of the central nervous system (CNS). 
Expression of zfP95 in posterior trunk and tail regions was very low compared to the 
CNS. The observed expression patterns show that zfP95 is maternally delivered, 
ubiquitously expressed throughout blastula and gastrula stages, but differentially 
expressed during organogenesis. 
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Figure 3.2 zfP95 is ubiquitously expressed during zebrafish gastrulation, but differentially expressed 
during organogenesis. Selected developmental stages, covering the first day of zebrafish 
embryogenesis, were analyzed for expression of the zebrafish full-length P95 transcript by whole-mount 
in situ hybridization. Detectable from the first cleavage stages, zfP95 mRNA did not show any restriction 
to confined expression domains until the end of gastrulation (embryo orientation: side view, animal pole 
to top, dorsal to the right for gastrulation stages). An upregulation in areas of the future central nervous 
system (CNS) could be first detected during early somitogenesis and became very pronounced at 24 hpf 
(black arrows). An increase in expression could also be detected in the tailbud region during early 
somitogenesis but was not sustained as strong as compared to the CNS at 24 hpf. The top rows of the 
two major panels show the specific zfP95 mRNA expression as detected by an anti-sense RNA probe 
against zfP95. The bottom rows show control embryos incubated with the corresponding sense RNA 
probe to determine background levels and specificity. 
 
3.2 The novel Rab5 effector P95 is essential for zebrafish embryogenesis 
 It is known that complete removal of Rab5 effectors (knockout mutants) is likely 
to cause a strong negative feedback on endocytosis (block of endocytic uptake and 
depletion of endosomes), a scenario we intended to prevent. Thus, we specifically 
interfered with zfP95 expression in the developing embryo by Morpholino-mediated 
knockdown (MO KD) and mRNA overexpression (OE). This strategy of modulating zfP95 
expression levels was preferred over the generation of a zfP95 mutant, in order to 
investigate the P95-specific function during development and developmental signaling, 
without blocking endocytosis. 
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3.2.1 Systemic interference with zfP95 expression results in complex morphogenetic 
defects during the first day of zebrafish embryogenesis 
 After we cloned the full-length zebrafish P95 homolog and found that it was 
ubiquitously expressed during zebrafish gastrulation, we tested its functional relevance 
for early zebrafish development. First, we systemically reduced zfP95 expression levels 
by injection of different zfP95-specific Morpholinos (P95 MOs) into 1-cell stage wild-
type embryos. Consistent for four independent P95 MOs (P95 MO1 & P95 MO2 
blocked translation; P95 spl1 & P95 spl2 blocked splicing), systemic injection resulted 
in complex morphogenetic defects that accumulated in a dose-dependent manner 
during the first day of development (Fig. 3.3; Fig. 3.4). Strikingly, three out of four P95 
MOs (P95 MO1, P95 spl1, P95 spl2) evoked these morphogenetic defects at rather low-
to-medium MO concentrations (in the range of 0.5-4 ng/E). Generally summarized, the 
majority of P95 morphants had a much shorter body axis as compared to controls and 
accumulated strong dorsal-ventral (D/V) and anterior-posterior (A/P) patterning 
defects at 24 hpf. Furthermore, organogenesis was compromised upon P95 MO KD as 
shown in severely abnormal organs like smaller or not developed eyes, no visible 
midbrain-hindbrain boundary (MHB), a compressed trunk with defective somites, a 
reduced yolk extension, ventral fin formation defects and an abnormal heart. 
 Wild-type embryos injected with P95 MOs often accumulated apoptotic/necrotic 
tissue in the central nervous system, a known toxic side-effect of Morpholino 
injections [134]. Co-injection of P95 MOs together with 1 ng/E zfP53-specific MO (P53 
MO1), to suppress the P53-mediated apoptotic response, completely prevented MO 
toxicity (Fig. 3.3 B). Importantly, co-injecting P95 MOs together with 1 ng/E P53 MO1 
did prevent the accumulation of apoptotic/necrotic tissue in the CNS, but did not 
rescue any other of the major defects observed upon single injection of P95 MOs. To 
control for unspecific Morpholino side-effects, P95 morphants were compared to wild-
type embryos (not injected) and to control-injected embryos (injected with a control 
Morpholino; or injected with the P53 MO1; or co-injected with Control MO and P53 
MO1). None of the control-injected embryos accumulated developmental defects 
above the level that naturally occurred in non-injected wild-type embryos during the 
first day of zebrafish development (Fig. 3.4 A). 
  
Results 
 
 
46 
 
Figure 3.3 Interference with zfP95 expression results in severe morphogenetic defects in early 
zebrafish larvae (24 hpf). (A) Severe and medium morphant phenotypes (see table 3.1 for description) 
caused after systemic injection of 1 ng/E P95 MO1, 6 ng/E P95 MO2, 0.5 ng/E P95 spl1, and 4 ng/E P95 
spl2. Control embryos (Controls) were either not injected (WT), injected with 4 ng/E Control MO, or 
injected with control mRNA (50 pg/E PCNA-EGFP mRNA). P95 morphants shown in (A) were co-injected 
with 1 ng/E P53 MO1. (B) The MO-dependent side-effect of inducing cell death in the CNS was 
prevented by co-injection of P95 MOs with a zfP53-specific MO (P53 MO1). Embryos co-injected with 
P53 MO1 did not accumulate apoptotic/necrotic tissue in the CNS (red arrow). Single injection of P53 
MO1 into 1-cell stage embryos (P53 MO1 only) did not evoke abnormal phenotypes and the embryos 
developed like wild-types. (C) Overexpression of zfP95 (50-100 pg/E zfP95 mRNA) caused also severe 
developmental defects that accumulated during the first day of development. (D) The P95 MO binding 
sites are shown with reference to the start codon (ATG) of the zebrafish P95 gene (zgc:92087). 
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 Interestingly, systemic overexpression of moderate amounts of zfP95 mRNA 
(P95 OE; 50-100 pg/E) resulted as well in the accumulation of severe developmental 
defects during the first day of zebrafish development (Fig. 3.3 C). P95 OE caused a 
variety of strong and medium overexpression phenotypes, many of which resembled 
the P95 morphant phenotypes. Similar to the P95 morphant phenotypes, P95 OE 
caused strong D/V and A/P patterning defects, failure to extend the body axis, and 
multiple defects during organogenesis. Injection of only 10 pg/E zfP95 mRNA into 1-cell 
stage embryos was sufficient to cause the accumulation of global developmental 
defects and their frequency and severity increased in a dose-dependent manner (Fig. 
3.4 F). The complex morphogenetic phenotypes that resulted from P95 MO KD and 
P95 OE, were classified into three distinct classes according to their global severity 
(Table 3.1). 
 
Table 3.1: Classification of global morphogenetic phenotypes resulting from systemic MO-
mediated knockdown and overexpression of zfP95 at 24 hpf. 
Phenotype 
Class 
Description 
Severe 
Embryos showed strong extension defects (much shorter body axis); strong D/V and 
A/P patterning defects; no or much shorter yolk extensions; strong somitogenesis & 
organogenesis defects (no or much smaller eyes, no visible MHB); patterning of ventral 
and posterior fates/structures was affected the most (strong defects in tail formation) 
Medium 
Embryos were more extended than the severe cases; the yolk extension was elongated 
but looked still abnormal; clearly visible eyes; the MHB was often clearly visible; 
patterning defects of primarily ventral and posterior fates prevailed (tail formation still 
compromised) 
Weak 
Embryos were fully elongated and looked almost WT-like; often minor patterning 
defects of primarily posterior structures (tail) remained still visible; Note: the 
classification of global morphogenetic phenotypes upon systemic interference with 
zfP95 expression was done by stereo light microscopy. That allowed for only a basic 
phenotypic analysis and was sufficient to conclusively identify the severe and medium 
phenotypes. The weak phenotypes would have required a more detailed analysis and 
were therefore counted as WT-like to calculate the MO/mRNA penetrance (Fig. 3.4). 
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Figure 3.4 Penetrance of the complex morphogenetic phenotypes caused by systemic interference 
with zfP95 expression (24 hpf). Each graph shows the P95 MO/OE concentration-dependent frequency 
of the complex morphogenetic phenotypes as described in table 3.1 (the severe and medium-class 
phenotypes were summarized as “complex morphogenetic phenotypes”). Plotted are the Mean ± SD of 
complex morphogenetic phenotypes as percentage of total embryos analyzed. For each MO/mRNA 
concentration injected, embryos were compared to non-injected wild-type (WT) embryos of the same 
batch (dashed lines). In addition, the respective survival rates are plotted. For each individual 
experiment (each concentration) n ≥ 25 embryos per condition. (A) Injection of embryos with Control 
MO did neither cause accumulation of developmental defects nor decrease survival rates if compared to 
non-injected WT fish at 24 hpf. (B-E) All four P95 MOs caused complex morphogenetic phenotypes 
(morphants) in a concentration-dependent manner at 24 hpf. (F) Injection of zfP95 mRNA into 1-cell 
stage embryos at concentrations of more than 10 pg/E resulted in the accumulation of severe 
developmental defects (OE phenotype). 
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 Systemic interference with zfP95 expression by both, P95 MO KD and P95 OE 
prevented 90% of embryos from surviving larval stages and resulted in death before 
day 6 of development (data not shown). In summary, the global accumulation of 
severe developmental defects in response to either systemic knockdown or 
overexpression of zfP95, indicate that P95 is essential for zebrafish embryogenesis. 
That also suggests that P95 expression levels have to be precisely regulated early 
during zebrafish development. 
 
3.2.2 The P95 morphant phenotypes can be partially rescued with human P95 mRNA 
 To confirm the specificity of the P95 MOs and to test for the functional 
conservation of the P95 homolog, we intended to rescue the complex morphant 
phenotypes with zfP95 and human P95 (hP95) mRNA, respectively. First, we tested if 
the DNA constructs used to synthesize zfP95 and hP95 mRNA for microinjections, were 
suitable for protein expression. An in vitro transcription/translation assay confirmed 
that both constructs were suitable for translation into protein, but also showed that 
hP95 was not as efficiently translated as compared to zfP95 (Fig. 3.5). 
 
Figure 3.5 mRNA synthesized from P95 DNA constructs is suitable for translation into protein. 
Autoradiogram of P95 protein products after an in vitro transcription/translation assay using the TnT® 
SP6 and T7 Coupled Reticulocyte Lysate System. The same DNA constructs used to generate zfP95 and 
hP95 mRNA for microinjection into zebrafish embryos are suitable for translation into the respective 
proteins. Despite using similar plasmid concentrations (mRNA is usually synthesized in excess with that 
system), hP95 was not as efficiently translated into protein as compared zfP95. Both proteins (hP95 and 
zfP95) run at their expected molecular weights of approx. 95 kDa. 
 
 The rescue proved to be technically difficult because overexpression of both P95 
versions (zfP95 & hP95) caused severe developmental defects on their own. 
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Similar to the consequences of overexpressing zfP95 mRNA, the injection of even low 
amounts of hP95 mRNA resulted in overexpression defects (Fig. 3.6 A&E). 
Nevertheless, the complex morphant phenotypes could be partially rescued through 
co-injection of very low amounts (≤ 10 pg/E) of P95 mRNA in several independent 
experiments (Fig. 3.6 B-E). Rescue efficiency was judged by a pheno-score readout at 
24 hpf. An embryo co-injected with P95 MO and P95 mRNA was scored as partially 
rescued if it did comply with all of the following criteria: 
 
 the body axis was extended WT-like and the tail was developed 
 eyes and the MHB were clearly visible and looked largely WT-like 
 only minor patterning defects prevailed 
 
A partially rescued embryo corresponded to the “weak-class” phenotype according to 
table 3.1, while the “severe-class” and “medium-class” morphant phenotypes were not 
scored as partially rescued. We used human P95 mRNA to rescue P95 MO1 (translation 
blocking MO) morphants because the hP95 mRNA could not be targeted by the 
Morpholino (lack of sequence identity around the transcriptional start site). The hP95 
mRNA was also sufficient to partially rescue the P95 spl1-specific morphants. Rescuing 
P95 spl2 morphants with zebrafish P95 mRNA showed a clear trend but rescue 
efficiency was only about 30% (Fig. 3.6 D). Taken together, these results show that the 
P95 morphant phenotypes are specific and suggest that P95 is functionally conserved 
in human and zebrafish. 
 
3.3 P95 is required for patterning and morphogenetic movements during 
zebrafish gastrulation 
 The defects in morphogenesis that accumulated in consequence to P95 
knockdown and overexpression during the first day of zebrafish development were 
highly indicative of functionally disturbed gastrulation processes. To analyze if P95 is 
required for germ layer formation, patterning or morphogenetic movements, we 
examined the expression of various marker genes during zebrafish gastrulation (by 
whole-mount in situ hybridization, WISH).  
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Figure 3.6 Rescue of the P95 morphant phenotypes (pheno-score analysis at 24 hpf). 
(A and E) Systemic overexpression of hP95 mRNA (hP95 OE) alone did result in similar developmental 
defects as observed upon zfP95 overexpression. (B-D) Each graph shows the P95 mRNA concentration-
dependent frequency of rescued embryos (“Rescue”) for a constant P95 MO concentration. An embryo 
was scored as partially rescued if it did not display the severe- or medium-class complex morphogenetic 
phenotypes at 24 hpf (see text and table 3.1). Examples of partially rescued embryos are shown in (E). In 
each rescue experiment, the co-injected embryos (“Rescue”) were compared to the single-injected (MO 
only) P95 morphants of the same batch. Plotted are the Mean ± SD of rescued embryos as percentage of 
total embryos analyzed. For each individual experiment n ≥ 25 embryos per condition. If no SD is shown 
the results were taken from one experiment only. (E) Representative images of control embryos (WT, 
non-injected); of OE phenotypes (80 pg/E hP95 mRNA only); morphant phenotypes (P95 MO only); and 
of partially rescued embryos (P95 MO1 + hP95 mRNA & P95 spl1 + hP95 mRNA). 
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3.3.1 Systemic interference with zfP95 expression causes an expansion of the dorsal 
organizer at the onset of zebrafish gastrulation 
 To identify the earliest developmental stages affected by systemic interference 
with zfP95 expression, we first carefully observed gastrulating P95 morphants by basic 
bright-field light microscopy. We noticed that P95 morphants did not form a 
morphologically well-defined shield, which was not as compact if compared to 
controls. The shield is the zebrafish main dorsal organizing center, marks the future 
dorsal axis and is formed during the onset of gastrulation. To test if dorsal organizer 
formation was affected by P95 MO KD, we detected the expression domain of the 
gene floating head (flh), a transcription factor specifically expressed in mesodermal 
cells of the zebrafish dorsal organizer. The flh expression domain was significantly 
expanded ventro-laterally in P95 morphants, as shown for two independent P95 MOs 
(Fig. 3.7 A; Fig. 3.8 A). That indicates the requirement of P95 for limiting the size of the 
zebrafish dorsal organizer. Strikingly, flh expression levels were sensitive to higher P95 
MO concentrations. 2 ng/E P95 MO1 (translation blocking MO) and 4 ng/E P95 spl2 
(splice blocking MO) were sufficient to considerably reduce flh expression levels (Fig. 
3.9). That was surprising as it suggested that P95 was not just required for limiting the 
size of the dorsal organizer, but also for the expression of organizer genes at the onset 
of gastrulation. 
 We could further detect an early P95-dependent D/V patterning defect by WISH 
for two other marker genes, chordin (chd) and forkhead box i1 (foxi1). Chd is a negative 
regulator of BMP signaling and its expression is limited to the dorsal half of WT shield-
stage embryos. Blocking translation of P95 with P95 MO1 resulted in the ventro-lateral 
expansion of the chd expression domain (Fig. 3.7 B; Fig. 3.8 B). In contrast, foxi1 is a 
transcription factor expressed in the ventral ectoderm of shield-stage embryos and 
P95 morphants showed a consistent reduction in foxi1 expression (Fig. 3.7 C; Fig. 3.8 
C). This suggests that P95 MO KD evokes an early D/V patterning defect resulting in the 
expansion of dorsal fates (flh & chd). 
 Overexpression of zfP95 (50-100 pg/E zfP95 mRNA) caused the lateral expansion 
of the flh expression domain similar to P95 MO KD, but had no effect on chd 
expression. 
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P95 OE caused a variety of overexpression phenotypes during the first day of 
development, but the earliest effects on dorsal organizer formation (flh domain 
expansion) were consistent. In addition, half of the P95 OE embryos tested showed 
reduced foxi1 expression levels at shield-stage. These results suggest that P95 is 
required for the precise formation of the major dorsal signaling center and early D/V 
patterning at the onset of zebrafish gastrulation. 
 
 
Figure 3.7 Systemic interference with zfP95 expression results in the expansion of the dorsal organizer 
and at the onset of gastrulation. Shield-stage zebrafish embryos (60% epiboly) were analyzed by WISH 
against (A) flh, (B) chd, and (C) foxi1. (A) P95 MO KD (1 ng/E P95 MO1; 4 ng/E P95 spl2) as well as zfP95 
OE (100 pg/E zfP95 mRNA) caused the lateral expansion of the flh expression domain (as defined by the 
arrows). The top panel shows a control embryo compared to a control embryo of the same batch fixed 
30 min earlier (Control -30 min), to emphasize that the observed lateral expansion of the flh domain was 
not due to a pure delay of development. (B) Blocking P95 translation with 1 ng/E P95 MO1 resulted in 
ectopic expression of chd (ventro-lateral expansion of chd expression domain with respect to the yellow 
dashed-lined cross for P95 MO1). (C) Expression of foxi1 was reduced in the majority of P95 MO1 
morphants (1 ng/E P95 MO1) and in half of the embryos overexpressing zfP95 (100 pg/E zfP95 mRNA). 
Embryo view: (A&B) top-view on animal pole with dorsal to the right; (C) side-view with animal pole to 
top and dorsal to the right; WT: non-injected wild-types; Control: 1 ng/E Control MO + 1 ng/E P53 MO1; 
all P95 MOs were co-injected with 1 ng/E P53 MO1. 
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Figure 3.8 Quantification of P95-dependent D/V patterning defects in shield-stage embryos. 
(A & B) The ventro-lateral expansion (arc length) of the flh and chd expression domains were measured 
using the Fiji segmented line tool (see section 6.1.11) and normalized to the Mean of the control of each 
independent experiment (iExp). Scatter plots show the Mean ± SD together with each individual data 
point (1 data point = 1 embryo = 1 n). (A) Two independent P95 MOs (P95 MO1, P95 spl2) as well as P95 
OE (zfP95 mRNA) caused a significant expansion of the flh expression domain. (B) Only injection of 
1 ng/E P95 MO1 resulted in ectopic chd expression. Significance was tested by comparing the Control 
condition with each of the P95-specific conditions using the unpaired t test with Welch’s correction; 
n. s.: not significant; ** P value ≤ 0.01; *** P value ≤ 0.001. (C) Expression of the ventral ectoderm 
marker foxi1 was reduced in the majority of P95 MO1 morphants and in half of the embryos 
overexpressing zfP95 (zfP95 mRNA). Plotted are embryos with reduced foxi1 expression as percentage 
of all embryos analyzed per condition. WT: non-injected wild-type embryos; Control: 1 ng/E Control MO 
+ 1 ng/E P53 MO1; all P95 MOs were co-injected with 1 ng/E P53 MO1. 
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Figure 3.9 P95 MO KD limits the expression of flh at shield-stage. 2 ng/E P95 MO1 and 4 ng/E P95 spl2 
were sufficient to reduce flh expression. Top-view of shield-stage zebrafish embryos (60% Epiboly) 
analyzed by WISH. Dorsal (shield) is always to the right. (B) Quantifications of the embryos with reduced 
flh expression levels as percentage of total embryos analyzed. Control: 1 ng/E Control MO + 1 ng/E P53 
MO1; all P95 MOs were co-injected with 1 ng/E P53 MO1. 
 
3.3.2 P95 MO KD results in moderate C/E defects, while P95 OE disrupts patterning 
during zebrafish gastrulation 
 To test if the P95-dependent effects on organizer formation and early D/V 
patterning translated into a pronounced patterning defect as gastrulation continued, 
we followed development until mid-segmentation by time-lapse microscopy. For both 
conditions of P95 interference (P95 MO KD and P95 OE), we observed a delay in 
epiboly, deficient global tissue migrations, and defects in forming the dorsal embryonic 
axis. During segmentation, embryos failed to properly extend the developing primary 
body axis if zfP95 expression was reduced (P95 MO KD) or enhanced (P95 OE). We 
focused on gastrulation and first confirmed that P95 MO KD and P95 OE actually 
reduced and increased P95 protein levels, respectively. Quantification of relative P95 
protein levels by western blot (based on fluorescence detection) showed that P95 MO 
KD reduced endogenous P95 levels while P95 OE increased them (Fig. 3.10 A). Next, we 
quantified the delay in epiboly. If embryos were staged according to the same time of 
development (9 hpf), at which control embryos had reached 90%-95% epiboly, P95 
morphants and embryos overexpressing zfP95 had just progressed to 80%-85% epiboly 
(Fig. 3.10 B&C). That showed that P95 is required for proper epiboly progression. 
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Figure 3.10 Epiboly progression is delayed upon systemic interference with zfP95 expression. 
(A) Western blot for endogenous P95 and γ-Tubulin detected out of total protein extracts from embryos 
at 90% epiboly. The specific signals for P95 and γ-Tubulin (internal control) were detected with 
fluorescently labeled secondary antibodies which allowed for direct quantification of relative protein 
ratios (protein ratios are normalized to wild-type, WT). (B) Compared to control embryos (WT & 1 ng/E 
Control MO), P95 MO KD (P95 MO1, P95 spl2) and P95 OE (zfP95 mRNA) resulted in a delay in epiboly 
(indicated by the yellow arrows). WISH for tbx16, a par-axial mesoderm marker, confirmed that the 
progression of blastoderm epiboly was delayed (black arrow indicates total embryo length and red 
arrow indicates blastoderm progression over the yolk). (C) Quantification of epiboly delay by 
determining the percentage of blastoderm migration over the yolk with respect to total embryo length 
(as indicated by the arrows in B). *** P value ≤ 0.001; unpaired t test with Welch’s correction; scatter 
plots show Mean ± SD; iExp: independent experiment; n: embryos analyzed. 
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 To assess if P95 is required for patterning the zebrafish gastrula or for major 
gastrulation movements, we detected the expression domains of genes specific for the 
three germ layers (axial and non-axial domains) by WISH. Importantly, P95 MO KD and 
P95 OE had distinct effects on domain formation and convergence and extension (C/E) 
movements during gastrulation (Fig. 3.11). P95 MO KD resulted in moderate C/E 
defects and frequently slightly reduced expression levels of the marker genes tested 
(e.g. flh & pax2a; but the expression domains were specified). For example, the 
expression domains of the axial mesoderm markers flh and no tail a (ntl) were both 
shorter and wider in P95 morphants, if staged according to time of development 
(9 hpf; Fig. 3.11 A; Fig. 3.12 A&B). In addition, the domains of the non-axial expressed 
genes T-box gene 16 (tbx16, mesoderm) and paired box gene 2a (pax2a, neuro-
ectoderm) both showed reduced convergence towards the dorsal axis upon P95 MO 
KD (larger axial gap spanning the dorsal axis). Staging P95 morphants according to the 
same stage of epiboly (90% epiboly) showed that moderate convergence defects of 
axial (broader) and non-axial (further away from dorsal axis) expression domains 
prevailed, while domain extension was mostly control-like (Fig. 3.11 B; Fig. 3.12 C). 
Here, an interesting observation was made with respect to the two mesoderm genes 
flh and ntl. Both are supposed to be expressed in notochord precursor cells of the 
same axial mesoderm domain [135, 136]. Even after staging P95 morphants according 
to the same epiboly-stage, the flh expression domain remained shorter while the ntl 
expression domain was extended to control levels in the same embryos. That indicated 
a P95-specific effect on flh expression or migration of flh+ cells (Fig. 3.11 B; Fig. 3.12 
A&B). 
 Despite the fact that only moderate C/E defects prevailed in the majority of P95 
morphants at 90% epiboly, precise domain formation (domain compactness) was still 
negatively affected. In P95 morphants, the prechordal plate (detected by the hgg1 
(cathepsin Lb (ctslb) expression domain) was enlarged and not as compactly formed if 
compared to controls at 90% epiboly (Fig. 3.11 B; Fig. 3.12 D). In summary, this data 
suggests that P95 is required for precise C/E movements during zebrafish gastrulation. 
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Figure 3.11 P95 MO KD results in moderate C/E defects, while P95 OE disrupts patterning. 
WISH for axial and non-axial marker genes expressed in the three different germ layers: axial mesoderm 
(flh, ntl); par-axial mesoderm (tbx16); axial endoderm (foxa3); par-axial neuro-ecotderm (pax2a); 
prechordal plate mesoderm (hgg1). Embryo view: dorsal axis to the front and anterior to the top. (A) 
Control embryos and P95 morphants (P95 MO1, P95 spl2) were staged according to the time of 
development at 9 hpf. P95 morphants expressed all the germ layer marker genes tested but showed 
moderate C/E defects: broader and shorter axial mesoderm domains (flh, ntl); less dorsally converged 
par-axial domains (tbx16, pax2a); broader axial endoderm domain (foxa3). (B) Staging control embryos 
and P95 morphants (P95 MO1) according to the same epiboly-stage (90% epiboly), showed that 
convergence of axial (flh, ntl) and par-axial (pax2a, tbx16) domains was still negatively affected (double 
WISH). The prechordal plate (hgg1) was not as compactly formed as in control embryos. (C) P95 OE (50-
100 pg/E zfP95 mRNA) severely disrupted domain patterning. To emphasize the variety of P95 OE 
phenotypes, two embryos overexpressing zfP95 are shown per marker gene. 
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 In contrast to Morpholino-mediated P95 KD, systemic overexpression of zfP95 
(50-100 pg/E zfP95 mRNA) resulted in a variety of strong patterning defects. Axial and 
par-axial expression domains of all the markers tested were often disrupted and/or not 
coherently formed (Fig. 3.11 C). In addition, axial domains were frequently bent and 
the prechordal plate (hgg1 expression domain) was irregularly shaped and enlarged 
upon P95 OE (Fig. 3.12 D). The observed distinct effects of P95 MO KD and P95 OE on 
C/E and patterning were probably not solely due to a concentration effect of MOs and 
mRNA. Concentrations of zfP95 mRNA in the range of 50-200 pg/E did have similar 
consequences for disrupting patterning while increasing P95 Morpholino 
concentrations drastically reduced embryonic survival (see Fig. 3.4). In conclusion, this 
data suggests that well-regulated zfP95 protein levels are essential for precise 
morphogenetic movements and patterning during zebrafish gastrulation. 
 
3.4 P95 is required for WNT/β-catenin signaling during zebrafish 
gastrulation 
  The patterning and C/E defects introduced by systemic interference with zfP95 
expression during gastrulation, suggested a potential P95-dependent modulation of 
signaling pathways that pattern the early embryo. Patterning of axial and non-axial 
mesoderm domains during zebrafish gastrulation requires the input of ventro-lateral 
WNT/β-catenin and dorso-ventral BMP signaling [137]. In addition, the precise 
formation of the dorsal organizer is co-regulated by WNT/β-catenin signaling [138]. 
Given that WNT signaling also controls major gastrulation movements, we decided to 
further analyze a potential function of P95 in modulating WNT signaling. 
 
3.4.1 P95 knockdown, but not overexpression, significantly reduces nuclear 
translocation of β-catenin  
 To test if the P95-dependent expansion of the dorsal organizer coincided with 
perturbed WNT/β-catenin signaling at the onset of gastrulation, we quantified the 
nuclear translocation of β-catenin under conditions of P95 MO KD and P95 OE. 
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Figure 3.12 Quantification of axial and par-axial domain dimensions in P95 morphants. 
(A & B) Quantification of the length of axial mesoderm domains (flh and ntl). If embryos were staged 
according to developmental time (9 hpf; “dev-time staged”), axial domains of P95 morphants (P95 MO1 
& P95 spl2) were significantly shorter than compared to controls. The flh domain remained shorter in 
P95 morphants after staging embryos according to the same epiboly-stage (90% epiboly), but ntl domain 
length was control-like. (C) Convergence of par-axial mesoderm tissue (tbx16 expression domain) 
towards the dorsal axis was significantly reduced in P95 morphants, as quantification of the axial domain 
gap confirmed (even after staging embryos according to the same epiboly-stage). (D) The area of the 
prechordal plate (hgg1 expression domain) was significantly increased in P95 morphants at the end of 
gastrulation (90% Epiboly). Prechordal plate formation was more severely disrupted under conditions of 
zfP95 overexpression as indicated by the large SD of the measured hgg1 domain area (see also Fig. 3.11 
C). n. s.: not significant; * P value ≤ 0.05; *** P value ≤ 0.001; unpaired t test with Welch’s correction; 
scatter plots show Mean ± SD; iExp: independent experiment; n: embryos analyzed. 
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In order to convincingly measure the nuclear-to-total β-catenin ratio, a fluorescence-
based imaging assay was developed that allowed us to detect relative amounts of 
endogenous β-catenin in distinct sub-cellular compartments (cell-cell contact sites, 
cytoplasm, nucleus; refer to section 6.1.14 in Methods & Materials for details). Briefly, 
the yolk was removed from PFA-fixed shield-stage embryos (60-65% Epiboly) and the 
whole embryos were flat-mounted in glycerol after immunofluorescence stainings 
against proteins of interest. High-resolution confocal microscopy of a large field of 
deep cells (130-300 cells in an area of the embryonic margin) enabled us to quantify 
the nuclear translocation of β-catenin with high precision (Fig. 3.13; Fig. 3.14 A). The 
assay was validated using the transgenic line Tg(Hsp70:Wnt3a+exon3-HA-EGFP) 
(unpublished, generated by C. Eugster-Oegema; Lab of Prof. Dr. Andrew Oates). In that 
line, Wnt3a-EGFP overexpression can be induced via heat-shock, leading to a specific 
up-regulation of β-catenin. In zebrafish, Wnt3a is a ligand of the WNT/β-catenin 
pathway [139] and Wnt3a overexpression should result in strongly increased β-catenin 
signaling activity. The anti-β-catenin antibody used throughout this study (against 
ctnnb1, catenin beta 1), specifically detected the relative increase in total β-catenin as 
well as the increased nuclear translocation of β-catenin 2 hours after heat-shock (Fig. 
3.13). The increase in β-catenin correlated with the detection of EGFP above 
background levels (presumably Wnt3a-EGFP fusion protein). Therefore, we validated 
the imaging assay and confirmed the specificity of the anti-β-catenin antibody. 
 Applying that assay to quantify the P95-dependent effect on β-catenin nuclear 
translocation, revealed a significant reduction of nuclear-to-total β-catenin ratios in 
P95 morphants at shield stage (Fig. 3.14). Total β-catenin levels did show a trend 
towards being reduced in a P95 MO1-mediated concentration-dependent manner, but 
that reduction was not significant. In contrast, P95 OE resulted in strong fluctuations of 
total as well as nuclear-to-total ratios of β-catenin without causing a consistent and 
significant difference if compared to controls. In summary, these results suggest that 
P95 MO KD causes a reduction of β-catenin nuclear translocation and subsequently 
reduces WNT/β-catenin signaling activity during early gastrulation. 
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Figure 3.13 Validation of the shield-stage imaging assay and anti-β-catenin 1 antibody specificity. 
(A) Embryos of the transgenic line Tg(Hsp70:Wnt3a+3xon3-HA-EGFP) (unpublished) were either 
incubated at 27.5 °C until 65% Epiboly (Controls) or heat-shocked at 30% Epiboly (39 °C for 1 h, then 
back to 27.5 °C until 65% Epiboly). Upregulation of endogenous β-catenin and EGFP-Wnt3a in response 
to heat-shock is shown in representative false-color images. (B) Quantifications of total β-catenin, total 
EGFP, and nuclear β-catenin intensities, confirmed that heat-shock resulted in significant upregulation 
of EGFP-Wnt3a, total β-catenin levels, and significantly increased nuclear-to-total β-catenin ratios. ** P 
value ≤ 0.01; *** P value ≤ 0.001; unpaired t test with Welch’s correction; n: number of embryos; for 
assay details see text and Fig. 3. 14 A. 
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Figure. 3.14 Nuclear translocation of β-catenin is reduced upon P95 MO KD at shield-stage. 
(A) Flat-mounted shield-stage embryos were imaged in a ventro-lateral area of the embryonic margin 
(exemplified by the green rectangle projected on top of the sketch of a shield-stage embryo; the black 
arrowhead indicates the shield). Endogenous β-catenin (ctnnb1, catenin beta 1) was detected in a large 
field of cells by confocal microscopy using a specific antibody. Nuclei were segmented based on a 
specific DNA staining (see 6. Methods & Materials) and total β-catenin intensity (total frame intensity), 
the nuclear β-catenin intensity and the nuclear-to-total intensity ratio were quantified. (B) Total β-
catenin levels tended to be decreased in a P95 MO1 dose-dependent manner, but that reduction was 
not significant. In contrast, the nuclear accumulation of β-catenin was consistently reduced in P95 MO1 
morphants, as the reduction in nuclear-to-total β-catenin ratio confirmed. P95 OE did not result in a 
significant reduction of nuclear-to-total β-catenin, but the nuclear accumulation and total β-catenin 
levels varied strongly. Raw intensities were normalized to the Mean of the control (1 ng/E Control MO + 
1 ng/E P53 MO1) of each independent experiment. Plotted are Mean ± SD; n. s.: not significant; ** P 
value ≤ 0.01; unpaired t test with Welch’s correction; iExp: independent experiment; n: number of 
embryos analyzed; P95 MO1 was co-injected with 1 ng/E P53 MO1. 
Results 
 
 
64 
 Wnt/b-catenin signaling is known to regulate cell proliferation in various 
developmental stages [10]. We wanted to test if the developmental defects that 
occurred as early as shield-stage in P95 morphants (dorsal organizer expansion; 
reduction in nuclear β-catenin translocation) correlated with altered cell proliferation 
during early gastrulation. We used the same shield-stage imaging assay as introduced 
above (for β-catenin quantification) and just zoomed out to image the whole flat-
mounted embryos (see section 6.1.14 Methods & Materials for details). That strategy 
provided an approximation of changes in total cell number and mitotic index by 
quantifying total (DAPI+) and P-Histone3-positive (P-H3+) nuclei in one confocal plane 
of deep cells across the whole embryo (Fig. 3.15 A). This analysis revealed a slight but 
significant reduction of total nuclei in P95 MO1 morphants, while the mitotic index 
(defined by the ratio between mitotic nuclei (P-H3+) and total nuclei) was not changed. 
To test if the reduced number of total nuclei could result from apoptotic cell death, we 
probed P95 morphants for the upregulation of apoptosis with a specific anti-cleaved-
Caspase3 (cCaspase3) antibody. Quantification of total cCaspase3 intensities in P95 
morphants actually revealed a reduction of cCaspase3 levels if compared to controls 
(Fig. 3.15 B). It has to be stated that the differences in cCaspase3 levels between 
controls and P95 morphants were only evident after quantification. These results 
suggest that systemic downregulation of zfP95 expression does not affect the cells 
potential to enter mitosis or induces apoptosis, but might increase cell cycle length and 
therefore results in fewer cells at the beginning of gastrulation. 
 We tested also the effect of systemic overexpression of zfP95 on cell number and 
mitotic index. Surprisingly, P95 OE caused a stronger reduction of total nuclei if 
compared to P95 morphants and controls (20% less nuclei on average, compared to 
controls). The number of P-H3+ nuclei did not decrease proportionally upon P95 OE, 
resulting in a significantly increased mitotic index (Fig. 3.15 A). We found that 
cCaspase3 levels were strongly increased upon zfP95 overexpression, indicating a 
strong upregulation of apoptosis that could explain the reduction of total nuclei (Fig. 
3.15 B). This data suggests that the function of P95 is critically coupled to its 
endogenous expression levels and that an overproduction of P95 induces apoptosis 
and cell proliferation defects. 
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Figure 3.15 Endogenous zfP95 expression levels have to be well-regulated in order to avoid apoptosis. 
Flat-mounted shield-stage embryos were imaged in one confocal plane of deep cells across the whole 
embryo (covering approx. 3000 nuclei). (A) The representative images show all the segmented nuclei 
(DAPI, left) and the mitotic nuclei (P-H3+, right) of the same control embryo. P95 MO1 KD resulted in a 
slight, but significant reduction of total and P-H3+ nuclei, causing no change of the mitotic index. P95 OE 
(zfP95 mRNA) caused a much stronger reduction of total nuclei, without reducing cells in mitosis 
proportionally, leading to an increased mitotic index. (B) Quantifying total fluorescent intensities of the 
apoptosis marker cleaved-Caspase3 (cCaspase3) revealed a strong upregulation of apoptosis upon zfP95 
overexpression, while P95 MO KD did even have lower cCaspase3 levels compared to controls. Images 
show the cCaspase3 channel. n. s.: not significant; * P value ≤ 0.05; ** P value ≤ 0.01;  *** P value ≤ 
0.001; unpaired t test with Welch’s correction; iExp: independent experiment; n: number of embryos 
analyzed; Control MO: 1 ng/E Control MO + 1 ng/E P53 MO1; P95 MO1 was co-injected with 1 ng/E P53 
MO1. 
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3.4.2 P95 knockdown induces downregulation of WNT/β-catenin signaling during 
zebrafish gastrulation 
 We hypothesized that the deficiency of β-catenin to accumulate in the nuclei of 
P95 morphants at early gastrulation, should translate into a pronounced WNT/β-
catenin signaling defect as gastrulation advanced. Therefore we analyzed the P95-
dependent transcriptional regulation of β-catenin target genes at the end of 
gastrulation. For two independent WNT/β-catenin reporter lines, 
Tg(7xtcf.xlsiamois:nlsmCherry) [140] and Tg(TOP:dGFP) [141], we found a consistent 
downregulation of reporter gene expression in P95 morphants, detected by WISH (Fig. 
3.16 A&B). While the reporter genes were robustly expressed in ca. 70% of the control 
embryos, only 10% of P95 MO1-injected and 35% of P95 spl2-injected morphants 
showed robust reporter gene expression, respectively. In addition, expression of axin2, 
an endogenous and direct WNT/β-catenin target gene, was also reduced in more than 
60% of P95 morphants (Fig. 3.16 A&B). In contrast, overexpression of zfP95 had not 
such strong and consistent effects on WNT/β-catenin target gene expression at the 
end of gastrulation (Fig. 3.16 A&B). That indicates a functional requirement for P95 in 
maintaining WNT/β-catenin signaling activity during zebrafish gastrulation. 
 To further validate the functional consequences of P95 MO KD on WNT/β-
catenin signaling, we analyzed the myod (myogenic differentiation 1) expression 
pattern during segmentation. It was reported that double-knockdown of the WNT/β-
catenin ligands Wnt3a and Wnt8 resulted in the deficiency to maintain expression of 
axial and adaxial mesoderm genes (e.g. myod) during somitogenesis [112]. P95 MO KD, 
induced by two independent P95 MOs (P95 MO1 & P95 spl2), phenocopied the loss of 
adaxial myod expression as previously described for Wnt3a/Wnt8 morphants (Fig. 
3.16 C). This result further strengthens the evidence that P95 is required to maintain 
WNT/β-catenin signaling activity throughout gastrulation and early somitogenesis. 
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Figure 3.16 P95 MO KD reduces WNT/β-catenin signaling activity at the end of gastrulation. 
(A) Representative WISH images of reporter gene (mCherry) and axin2 expression in embryos of the 
WNT reporter line Tg(7xtcf.xlsiamois:nlsmCherry) (top panel) and wild-type embryos (bottom panel), 
respectively (90% epiboly to tailbud stages; embryo side-view: anterior to top & dorsal axis to the right). 
(B) Quantification of relative reporter gene expression in two independent WNT/β-catenin reporter lines 
according to the observed expression levels (none, low, medium, strong). The embryos with reduced 
axin2 expression levels were also quantified. (C) During early somitogenesis (7 ss) P95 MO KD caused 
the loss of par-axial myod expression. The numbers below the representative embryos indicate the 
fraction of total embryos that showed clear expression of par-axial myod. iExp: independent 
experiment; n: number of embryos analyzed; Control MO: 1 ng/E Control MO + 1 ng/E P53 MO1; P95 
MO1 was co-injected with 1 ng/E P53 MO1. 
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3.5 P95 is required to maintain activity of developmental signaling 
 So far the results of this study suggest that well-balanced P95 protein levels are 
crucial for patterning and morphogenetic movements, as well as maintaining WNT/β-
catenin signaling during zebrafish gastrulation. Given that P95 is a novel protein with a 
specific function in early endosomal trafficking, we were interested to clarify the 
functional specificity of the WNT signaling phenotype. To assess if P95 was required to 
maintain signaling activity of other signaling pathways that control development, we 
analyzed its effects on BMP, FGF and Shh signaling during zebrafish gastrulation. 
 As we could show that P95 MO KD resulted in an early D/V patterning defect 
with ectopic expression of chordin (expansion towards ventral; Figs. 3.7 B & 3.8 B), a 
negative regulator of BMP signaling, we first analyzed BMP signaling activity at the 
onset of gastrulation. Using the shield-stage imaging assay, we detected the nuclear 
accumulation of phosphorylated Smad1/5/8 (P-Smad1/5/8), an established marker to 
directly test for BMP signaling activity [110]. We found a gradient of nuclear P-
Smad1/5/8 intensity across the whole D/V axis of flat-mounted shield-stage embryos 
(Fig. 3.17). In agreement with the literature, P-Smad1/5/8 intensities were highest at 
the ventral side (highest BMP ligand expression, opposite of shield) and lowest at the 
dorsal pole of the D/V axis (shield). Quantification of the nuclear P-Smad1/5/8 
intensity profile across the D/V axis of whole shield-stage embryos, revealed a 
significant reduction of global P-Smad1/5/8 intensity in P95 morphants (Fig. 3.17 A). 
More specifically, the P-Smad1/5/8 intensity profile was flattened on the ventral half in 
P95 morphants, indicating an altered gradient of BMP signaling activity (Fig. 3.17 B). 
This data shows that systemic knockdown of zfP95 causes reduced BMP signaling 
activity on the ventral side of the embryo and is in agreement with the corresponding 
ventro-lateral expansion of the chordin expression domain. 
 Next, we tested FGF signaling activity at the end of gastrulation using the 
transgenic FGF reporter line Tg(Dusp6:d2EGFP) [142], in which EGFP expression is 
driven by the Dusp6 promoter region. Expression of the dual specificity phosphatase 6 
(Dusp6) is transcriptionally regulated by FGF signaling in zebrafish [142]. We found that 
reporter gene expression was unaffected in most of the embryos injected with P95 
MO1, with a trend towards reduced EGFP expression levels (Fig. 3.18). That indicates 
no critical alteration of FGF signaling upon P95 MO KD. 
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Figure 3.17 P95 MO1 KD alters the gradient of BMP signaling activity at the onset of gastrulation. 
(A) The representative image shows a flat-mounted shield-stage control embryo in which P-Smad1/5/8 
is detected by immunofluorescence in one confocal plane of deep cells across the whole embryonic D/V 
axis (v: ventral, d: dorsal). Quantification of total nuclear P-Smad1/5/8 intensity showed a global 
reduction upon P95 MO1 KD. The scatter plot shows the averaged total P-Smad1/5/8 intensities (Mean 
± SD) per embryo, normalized to the Mean of the control of each independent experiment. *** P value 
≤ 0.001; unpaired t test with Welch’s correction. (B) Quantification of nuclear P-Smad1/5/8 intensities 
along a rectangular scan area across the D/V axis (intensity profile, indicated by the yellow rectangle in 
A). The P-Smad1/5/8 intensity profile corresponds to the D/V gradient of BMP activity (highest ventral; 
lowest dorsal) and precisely detects signaling strength downstream of activated BMP receptors in wild-
type (WT) and Control MO-injected embryos. Compared to controls, P95 MO1 KD resulted in a flattened 
P-Smad1/5/8 intensity gradient (Mean ± SD for each scan position along the rectangular scan area are 
plotted from several embryos per condition). iExp: independent experiment; n: number of embryos 
analyzed; Control MO: 1 ng/E Control MO + 1 ng/E P53 MO1; P95 MO1 was co-injected with 1 ng/E P53 
MO1. 
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Figure 3.18 P95 MO KD does not compromise FGF signaling at the end of gastrulation (tailbud stage). 
Systemic knockdown of zfP95 expression had only minor effects on reporter gene (EGFP) expression in 
the FGF reporter line Tg(dusp6:d2EGFP). The majority of P95 morphants had control-like expression 
levels (medium and strong expression) of the reporter gene. iExp: independent experiment; n: number 
of embryos analyzed; Control MO: 1 ng/E Control MO + 1 ng/E P53 MO1; P95 MO1 was co-injected with 
1 ng/E P53 MO1. 
 
 Shh signaling was assessed by the expression levels of sonic hedgehog (shha) and 
its receptor and direct target gene patched (ptc1) [127]. The broader and shorter axial 
shha expression domain confirmed the moderate C/E defects resulting from P95 MO 
KD. Especially in the most anterior part of the axial domain, shha expression was often 
reduced (Fig. 3.19). A more pronounced reduction of expression levels was found for 
ptc1. The majority of P95 morphants showed considerable reduced ptc1 expression 
(Fig. 3.19) at the end of gastrulation. That showed that P95 negatively affected the 
transcriptional outcome of Shh signaling in zebrafish development. In summary, this 
evidence suggests that P95 is required for maintaining signaling activity of distinct 
signaling pathways that govern vertebrate embryogenesis. 
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Figure 3.19 P95 MO KD results in a reduction of ptc1 expression at the end of zebrafish gastrulation. 
WISH for shha showed reduced expression levels in the anterior dorsal axis and also shorter axial 
domains of P95 morphants at tailbud stage. Ptc1 expression was reduced in the majority of embryos 
upon P95 MO KD, consistent for two independent P95 MOs (P95 MO1, P95 spl2). The graph shows the 
quantification of P95 morphants with reduced ptc1 expression as percentage of total embryos analyzed. 
iExp: independent experiment; n: number of embryos analyzed; Control MO: 1 ng/E Control MO + 1 
ng/E P53 MO1; all P95 MOs were co-injected with 1 ng/E P53 MO1. 
 
 
3.6 P95 localizes to Rab5 endosomes and modulates the endosomal 
recruitment of β-catenin in vivo 
 To further gain mechanistic insights into the function of P95, we decided to 
investigate the P95-dependent modulation of endosomal sorting of signaling 
molecules in vivo. We analyzed the sub-cellular localization of P95 fusion proteins, 
their co-localization with markers for early endosomes, and the recruitment of WNT 
pathway components to early endosomes. 
 
3.6.1 P95 localizes to Rab5 early endosomes in shield-stage zebrafish embryos 
 To assess the sub-cellular localization of zfP95 and its co-localization with 
markers for early endosomes, we applied the shield-stage imaging assay and detected 
sub-cellular compartments by high-resolution confocal laser scanning microscopy. This 
assay enabled us to resolve several thousand endosomal objects in one frame of view 
(130-300 cells) of a single shield-stage embryo (Fig. 3.20; Table 3.2). 
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The segmentation of objects, extraction of object-specific parameters (number, object 
intensity, object size), and their quantification was done with the custom-designed 
image analysis software MotionTracking [1, 46]. Early endosomes were identified 
through their characteristic marker proteins Rab5, EEA1 and APPL1. EGFP-Rab5c was 
detected in the transgenic line Tg(h2afx:EGFP-Rab5c) [143] and endogenous EEA1 and 
APPL1 were detected via specific antibodies (Fig. 3.20). Specificity of the anti-zebrafish-
APPL1 antibody was confirmed by immunofluorescence detection of APPL1 in the 
APPL1 -/- mutant, which lacks the APPL1 protein due to a stop mutation in the APPL1 
gene. APPL1-positive objects and total vesicular intensity (which directly correlates to 
the amount of APPL1 protein detected) were practically reduced down to background 
levels in APPL1 -/- mutants, as detected by the anti-APPL1 antibody (Fig. 3.21 A). 
Specificity of the anti-EEA1 antibody was confirmed by Morpholino-mediated EEA1 
knockdown that resulted in significantly reduced EEA1 total vesicular intensity (Fig. 
3.21 B). Furthermore, quantifying the co-localization of endogenous EEA1 and APPL1 
to EGFP-Rab5c in the transgenic line Tg(h2afx:EGFP-Rab5c), confirmed significant co-
localization of these early endosome markers (Fig. 3.22; Fig. 3.24). Thus, we could rely 
on three different early endosome markers to detect early endosomal compartments 
with high precision in shield-stage embryos (Fig. 3.20; Table 3.2). 
 
Table 3.2 Early endosomal compartments detected in shield-stage embryos (Mean ± SD). 
Endosome 
Marker 
Total Embryos 
analyzed 
Cells / Field of View 
/ Embryo 
Identified Objects / 
Field of View 
Identified 
Objects / Cell 
EGFP-Rab5c 91 134 ± 13 2979 ± 675 23 ± 6 
EEA1 43 141 ± 11 6900 ± 2712 50 ± 22 
APPL1 39 138 ± 15 6986 ± 2838 50 ± 18 
 
 To assess the sub-cellular localization of zfP95, we detected N-terminally tagged 
EGFP-zfP95 and mCherry-zfP95 fusion proteins in shield-stage embryos (since the 
antibody we used to detect zfP95 in western blots was not suitable for 
immunofluorescence). 
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Figure 3.20 The shield-stage imaging assay to detect and quantify sub-cellular objects in vivo. 
(A) A field of approx. 130 deep cells, located in the ventro-lateral margin of flat-mounted zebrafish 
embryos, was imaged by confocal laser scanning microscopy. All cells, nuclei and endosomal objects 
were segmented and analyzed using the MotionTracking software. Early endocytic compartments 
analyzed in this study were detected via the markers EGFP-Rab5c in the transgenic line Tg(h2afx:EGFP-
Rab5c) and endogenous EEA1 and APPL1 (via specific antibodies). (B-D) Examples of raw images (top) 
and the found objects after object segmentation (bottom). Several thousand endosomes could be 
detected and quantified within the respective field of cells in a single embryo (Table 3.2). 
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Figure 3.21 Control of antibody specificity to detect endogenous zebrafish APPL1 and EEA1. 
(A) Immunofluorescence images show the depletion of APPL1-positive objects in the APPL1 -/- mutant if 
compared to wild-type (WT) embryos. Quantification confirmed the reduction of APPL1 objects and 
APPL1 intensity down to background levels in APPL1 -/- mutants. (B) EEA1 MO KD (4 ng/E EEA1 MO1) 
did result in a significant reduction of EEA1 protein levels as shown by quantification of the total 
vesicular intensity (while the number of EEA1 objects did not drop significantly). Representative images 
of PFA-fixed gastrulating zebrafish embryos. ** P value ≤ 0.01; *** P value ≤ 0.001; unpaired t test with 
Welch’s correction; n: number of embryos analyzed. 
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Injection of 50 pg/E EGFP-zfP95 or mCherry-zfP95 mRNA into 1-cell stage wild-type 
embryos, revealed localization of the resulting fusion proteins at three distinct 
intracellular sites (Fig. 3.23): (1) at intracellular vesicular structures; (2) at a peri-
nuclear region; (3) as non-vesicular accumulations at cell-cell borders. Importantly, the 
majority of embryos injected with 50 pg/E N-terminally tagged zfP95 constructs 
showed robust expression of the fusion proteins, but accumulated only minor 
developmental defects at 24 hpf (in contrast to the strong overexpression defects that 
resulted from injection of untagged zfP95 mRNA; see section 3.2 & 3.3). 
 
 
Figure 3.22 EEA1 and APPL1 co-localize to Rab5 in deep cells of shield-stage embryos. 
(A) Immunofluorescence images of gastrulating zebrafish cells (deep cells; 60% epiboly) showed that the 
anti-EEA1 antibody detected co-localization of especially the bigger and brighter EEA1 objects with 
EGFP-Rab5c in the transgenic line Tg(h2afx:EGFP-Rab5c). (B) The anti-APPL1 antibody detected also 
significant co-localization of APPL1 objects with EGFP-Rab5c (here many smaller and dimmer APPL 
objects co-localized with Rab5 objects). Yellow arrows indicate examples of co-localized objects. 
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Co-localization studies in the transgenic line Tg(h2afx:EGFP-Rab5c) confirmed a 
significant co-localization of the mCherry-zfP95 vesicular objects with EGFP-Rab5c 
objects (45% co-localization on average) (Fig. 3.23 B; Fig. 3.24 B). Approximately half of 
the zfP95/EGFP-Rab5c double-positive objects also co-localized with endogenous EEA1 
(triple co-localization) (Fig. 3.24 B). Surprisingly, co-localization of total EEA1 to zfP95 
fusion proteins was rather low (25%-30% on average) and varied depending on the 
fluorescent tag (Fig. 3.23 C; Fig. 3.24 B). Co-localization of zfP95 to APPL1, a marker for 
a functionally distinct early endosome population, was very low and just around the 
threshold for significant co-localization of 10% (Fig. 3.24 B). These results indicate a 
recruitment of zfP95 to Rab5 endosomes and identify roughly half of the vesicular 
zfP95 objects as early endosomes. The results also suggest that the fluorescent tags at 
the N-terminus interfere with the function of the zfP95 protein. 
 The peri-nuclear accumulations of zfP95 fusion proteins showed high co-
localization with the centrosomal marker γ-Tubulin, indicating a recruitment of zfP95 
to the centrosomal region (presumably centrosome, basal bodies, primary cilium) (Fig. 
3.23 D; Fig. 3.24 B). The non-vesicular zfP95 accumulations at cell-cell borders co-
localized with endogenous E-Cadherin, indicating enrichment of zfP95 in close 
association to the cell membrane (data not shown). In conclusion, zfP95 does not 
exclusively localize to early endosomes in gastrulating zebrafish. 
 Live cell imaging of EGFP-zfP95 in gastrulating zebrafish embryos (60%-75% 
epiboly) showed that the majority of vesicular EGFP-zfP95 objects were highly motile 
in EVL and deep cells. In contrast, the larger zfP95 vesicular objects close to the 
nucleus were less dynamic and could participate in spindle formation (rare events). 
Localization of EGFP-zfP95 to cell-cell borders (presumably to the cell membrane) was 
always observed in EVL cells and just rarely in deep cells of living embryos (data not 
shown). In summary, zfP95 localizes to Rab5 early endosomes, to centrosomal regions 
and can be found in close association to the cell membrane. In addition, zfP95 objects 
display dynamic properties characteristic for endocytic membrane compartments. 
  
Results 
 
 
77 
 
Figure 3.23 The sub-cellular localization of zfP95 in shield-stage embryos. (A) EGFP-zfP95 and mCherry-
zfP95 localized to intracellular vesicular structures, to a peri-nuclear region, and to non-vesicular 
accumulations at cell-cell borders. (B) Robust co-localization was detected for mCherry-zfP95 with EGFP-
Rab5c in the transgenic line Tg(h2afx:EGFP-Rab5c). (C) mCherry-zfP95 showed only moderate co-
localization with endogenous EEA1 in wild-type embryos. (D) In multiple cells per frame of view, the 
peri-nuclear accumulations of EGFP-zfP95 co-localized to the centrosome-marker γ-Tubulin. The yellow 
arrows indicate examples of co-localized objects in the same cell. For quantifications see Fig. 3.23 B. 
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Figure 3.24 Quantification of co-localization of zfP95 with markers for early endosomes. 
(A) Approx. 30% of endogenous EEA1 and APPL1 robustly co-localized with EGFP-Rab5c objects in the 
transgenic line Tg(h2afx:EGFP-Rab5c). (B) Co-localization of mCherry-zfP95 to EGFP-Rab5c in the 
transgenic line Tg(h2afx:EGFP-Rab5c) and to endogenous EEA1 and APPL1. Nearly half of the vesicular 
mCherry-zfP95 objects robustly co-localized with EGFP-Rab5c objects. Co-localization of zfP95 with EEA1 
was significant, but varied strongly and was on average rather low (20%-30%). Co-localization of zfP95 
with APPL1 was very low and close to the detection threshold. The peri-nuclear zfP95 accumulations co-
localized with γ-Tubulin (g-Tubulin to zfP95), while total zfP95 levels showed only very little co-
localization with γ-Tubulin (zfP95 to g-Tubulin). The percentage of co-localization was quantified by 
integral intensity of the co-localized objects (overlap of object area ≥ 35%). The threshold to detect 
significant co-localization was set to 10% (dashed blue line; established limit of MotionTracking). Mean ± 
SD of independent experiments are shown (if no SD is plotted, the Mean was calculated from one 
experiment only). 50 pg/E mCherry-zfP95 or EGFP-zfP95 mRNA were injected into 1-cell stage embryos 
and images were taken by fluorescence microscopy of shield-stage embryos (60% epiboly). 
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3.6.2 Systemic interference with zfP95 expression does not disrupt the early 
endocytic system in vivo 
 The defects in development and developmental signaling, that resulted from 
knockdown and overexpression of zfP95, could have been due to a disruption of the 
early endocytic system (e.g. depletion of early endosomes, reduced recruitment of 
Rab5 effectors). To evaluate if P95 was essential for the integrity of early endosomes in 
vivo, we analyzed different object parameters (number, vesicular intensity, and size of 
Rab5, EEA1 and APPL1 objects) in shield-stage zebrafish embryos. Systemic knockdown 
and overexpression of zfP95 (with 1 ng/E P95 MO1 and 100 pg/E zfP95 mRNA; 
concentrations used for most of the experiments throughout this study) did not result 
in detectable changes of the object parameters analyzed. Compared to controls, P95 
MO KD or P95 OE did not affect endosome number, object intensity, or object size of 
EGFP-Rab5c-, EEA1-, and APPL1-positive objects (Fig. 3.25). Only after doubling the 
concentration of P95 MO1 from 1 ng/E to 2 ng/E, significant changes in endosome 
number and vesicular intensity (correlates with the amount of protein recruited to the 
object) could be detected (Fig. 3.25). Systemic knockdown with 2 ng/E P95 MO1 
slightly increased the number of EEA1-positive objects per cell as well as the total 
vesicular intensity of EEA1. At the same time, total vesicular intensities of EGFP-Rab5c 
and APPL1 were decreased, while the number of detected objects did not significantly 
change (Fig. 3.25). This data attracted two important conclusions: 
 
(1) P95 MO KD as well as P95 OE did not severely disrupt early endosome organization 
in shield-stage zebrafish embryos. 
(2) Increasing P95 MO1 concentration resulted in a subtle endocytic phenotype with 
differential effects on the Rab5 effectors EEA1 and APPL1. That suggests a 
differential effect of P95 MO KD on early endosomal sub-populations in vivo. 
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Figure 3.25 Systemic interference with zfP95 expression does not disrupt early endosome organization 
in vivo. Quantification of endosome number (objects per cell) and total vesicular intensity (a parameter 
correlating to the amount of protein recruited to the endosome) revealed that only increased P95 MO1 
concentrations (2 ng/E) caused a subtle endocytic phenotype. 2 ng/E P95 MO1 resulted in differential 
effects on early endosome marker: reduced total vesicular intensities of EGFP-Rab5c and APPL1; 
increased total vesicular intensity and endosome number for EEA1. Scatter plots show the Mean ± SD of 
the respective parameter per condition, normalized to the control Mean of each independent 
experiment. n. s.: not significant; * P value ≤ 0.05; ** P value ≤ 0.01; unpaired t test with Welch’s 
correction; iExp: independent experiment; n: total number of embryos analyzed. 
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3.6.3 P95 MO KD amplifies the recruitment of β-catenin to early endosomes in vivo 
 Given that we did not find a striking P95-dependent effect on early endosome 
organization, we aimed at identifying a specific function of P95 in modulating the 
endosomal localization of signaling molecules. With respect to the requirement of P95 
for WNT/β-catenin signaling, we focused on components of the WNT pathway that 
could potentially explain the WNT/β-catenin signaling defect. Throughout our different 
imaging experiments in which we detected endogenous β-catenin (ctnnb1, catenin 
beta 1), we noticed that β-catenin localized at distinct cytoplasmic pools. In addition to 
its localization to the nucleus and to cell-cell borders, β-catenin was frequently 
observed at cytoplasmic vesicular spots in wild-type zebrafish. Co-localization analysis 
in the transgenic line Tg(h2afx:EGFP-Rab5c) confirmed that a fraction of these 
cytoplasmic β-catenin-positive objects co-localized significantly with EGFP-Rab5c 
endosomes (Fig. 3.26; Table 3.3). Strikingly, the cytoplasmic β-catenin objects were 
denser, larger and often more abundant in cells of P95 morphant embryos at shield 
stage (Fig. 3.26). In particular those pronounced β-catenin cytoplasmic accumulations 
co-localized with EGFP-Rab5c, which resulted in significantly increased co-localization 
of EGFP-Rab5c to β-catenin upon P95 MO KD (Fig. 3.26; Fig. 3.27 A). Similar results 
were obtained after quantifying co-localization of EEA1-positive objects or APPL1-
positive objects with β-catenin, resulting in increased co-localization after systemic 
knockdown of zfP95 expression (Fig. 3.27 B). Here, the initial co-localization values in 
control embryos were quite different. Only 10% of EEA1 objects co-localized with β-
catenin under control conditions, while twice as much APPL1 objects co-localized with 
β-catenin under the same conditions (23%; Table 3.3). According to the detection 
limits of the MotionTracking software, co-localization below 10% cannot be precisely 
distinguished from background noise. That implied that APPL1 endosomes co-localized 
already significantly with β-catenin under control conditions, whereas co-localization 
of EEA1 with β-catenin became only significant upon P95 MO KD. In line with our 
previous results that showed no strong effect of P95 OE on WNT/β-catenin signaling, 
co-localization of early endosome markers with β-catenin was not significantly 
changed upon zfP95 overexpression (Fig. 3.27). In summary, endogenous β-catenin is 
recruited to early endosomal compartments in vivo and that recruitment is amplified 
upon knockdown of P95.  
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Figure 3.26 P95 MO1 KD amplifies recruitment of β-catenin to EGFP-Rab5c endosomes. 
High-resolution fluorescence images of EGFP-Rab5c and endogenous β-catenin in flat-mounted shield-
stage embryos (60% Epiboly) of the transgenic line Tg(h2afx:EGFP-Rab5c). Already under control 
conditions (wild-type or Control MO), the anti-β-catenin antibody (ctnnb1, catenin beta 1) detected 
cytoplasmic pools of vesicular β-catenin that partially co-localized with EGFP-Rab5c objects. P95 MO1 
KD caused an enrichment of the cytoplasmic β-catenin accumulations of which the majority co-localized 
to EGFP-Rab5c objects. Yellow arrows indicate examples of co-localized objects in the same cells. 
Control MO: 1 ng/E Control MO + 1 ng/E P53 MO1; P95 MO1: 1-2 ng/E P95 MO1 + 1 ng/E P53 MO1. 
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Figure 3.27 Quantifications of β-catenin enrichment at early endosomes in P95 morphants. 
Quantification of co-localization of early endocytic markers (Rab5, EEA1, APPL1) to endogenous β-
catenin (from immunofluorescence images of flat-mounted shield-stage embryos). (A) P95 MO1 KD 
resulted in increased co-localization of EGFP-Rab5c to β-catenin in every independent experiment. P95 
OE (zfP95 mRNA) did not have a significant effect on co-localization of EGFP-Rab5c to β-catenin, but 
showed a trend towards reduced co-localization. (B) β-catenin did also co-localize more with EEA1 and 
APPL1 objects. Again, P95 OE showed a trend towards reduced co-localization of EEA1 with β-catenin 
(but not significant). Quantification of co-localization in EEA1 morphants (4 ng/E EEA1 MO1) and  
APPL1 -/- mutants served as internal positive controls to verify a reduction in co-localization to β-catenin 
if EEA1/APPL1 protein levels were reduced. Scatter plots show the Mean ± SD for each condition 
normalized to the Mean of the control of each independent experiment. n. s.: not significant; ** P value 
≤ 0.01; *** P value ≤ 0.001; unpaired t test with Welch’s correction; iExp: independent experiment; n: 
total number of embryos analyzed. 
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 We also analyzed the co-localization of two WNT receptors (Frizzled9b and 
Frizzled7a) with markers for early endosomes, to assess if endocytic trafficking of 
Frizzled receptors depends on P95. Frizzled9b (Fzd9b) was previously reported as 
receptor functioning in β-catenin-dependent WNT signaling [144]. Co-injection of 
50 pg/E fzd9b-mRFP mRNA together with either Control MO or P95 MO1 into 1-cell 
stage embryos of the transgenic line Tg(h2afx:EGFP-Rab5c), resulted in comparable 
Fzd9b-mRFP expression under both conditions (Fig. 3.28). Quantification of Fzd9b-
mRFP co-localization with EGFP-Rab5c did not reveal any significant change in P95 
morphants if compared to control conditions (Fig. 3.28). Only after we included β-
catenin in that analysis, we found a P95-dependent effect on Fzd9b endosomal 
localization. Firstly, the cells that expressed Fzd9b-mRFP showed a significant increase 
in co-localization of EGFP-Rab5c objects with β-catenin upon P95 MO KD (similar to 
conditions observed without the Fzd9b-mRFP background). Secondly, only the EGFP-
Rab5c objects that co-localized to Fzd9b-mRFP and β-catenin (triple co-localization) 
revealed an increase in co-localization upon P95 MO KD (Fig. 3.28). That suggests that 
P95 knockdown triggers an enrichment of both, Fzd9b and β-catenin at the same Rab5 
endosomes. 
 Frizzled7 (Fzd7) was reported to interact with WNT11 in the β-catenin-
independent WNT/PCP pathway [145]. Detected with a zebrafish-specific anti-Fzd7a 
antibody, co-localization of EGFP-Rab5c with Fzd7a in the transgenic line 
Tg(h2afx:EGFP-Rab5c) was consistently reduced after systemic knockdown and 
overexpression of zfP95, respectively (Fig. 3.28). These results indicated that different 
Fzd receptors were differently affected by systemic interference with zfP95 expression. 
To clarify if the P95-dependent observed enrichment of β-catenin at early endosomes 
and the effect on Fzd co-localization was a cell non-autonomous consequence of 
globally disrupted signaling, we performed a transplantation experiment. Blastoderm 
cells of the transgenic line Tg(h2afx:EGFP-Rab5c), either injected with Control MO or 
P95 MO1 at the 1-cell stage, were transplanted into wild-type hosts and only EGFP-
Rab5c-positive cell populations were analyzed (at 65% epiboly). In agreement with our 
previous findings, co-localization of EGFP-Rab5c to β-catenin was increased in 
transplanted P95 morphant cells (Fig 3.30). 
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Figure 3.28 P95 MO1 KD results in increased co-localization of β-catenin and Fzd9b at the same Rab5c 
endosomes. (A) Fzd9b-mRFP co-localized with EGFP-Rab5c in shield-stage embryos of the transgenic line 
Tg(h2afx:EGFP-Rab5c) under control conditions (yellow arrows in top panel; 40% on average; see Table 
3.3). Systemic P95 MO KD (bottom panel) resulted in increased co-localization of EGFP-Rab5c with β-
catenin, as well as in increased co-localization of β-catenin and Fzd9b-mRFP in the same Rab5 objects 
(yellow arrows indicate triple co-localization of EGFP-Rab5c to β-catenin & Fzd9b-mRFP). 
(B) Quantifications of co-localization. EGFP-Rab5c co-localization with Fzd9b-mRFP, independently of β-
catenin, did not change in P95 morphants. Co-localization of EGFP-Rab5c to β-catenin, as well as triple 
co-localization of β-catenin and Fzd9b-mRFP with EGFP-Rab5 was significantly increased upon P95 MO 
KD. Total Fzd9b-mRFP intensities were not affected by P95 MO1 KD. Scatter plots show the Mean ± SD 
for each condition, normalized to the Mean of the control. n. s.: not significant; ** P value ≤ 0.01; *** P 
value ≤ 0.001; unpaired t test with Welch’s correction; n: number of embryos analyzed; Quantifications 
were only done in Fzd9b-mRFP expressing cells. 
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The co-localization of EGFP-Rab5c to Fzd7a and β-catenin (triple co-localization) was 
also increased, consistent with the results for Fzd9b (Fig. 3.30). In contrast to systemic 
P95 MO KD, co-localization of EGFP-Rab5c with Fzd7a independent of β-catenin did 
not significantly change in transplanted P95 morphant cells. Taken together, our data 
suggests that knockdown of P95 amplifies the recruitment of β-catenin and Frizzled 
receptors to the same Rab5 early endosomes during zebrafish gastrulation. 
 
 
Figure 3.29 Systemic interference with zfP95 expression results in decreased co-localization of EGFP-
Rab5c to Fzd7a. Quantification of co-localization of EGFP-Rab5c to Fzd7a objects in the transgenic line 
Tg(h2afx:EGFP-Rab5c). Co-localization of EGFP-Rab5c to Fzd7a was consistently reduced in response to 
P95 MO KD and P95 OE. Scatter plots show the Mean ± SD for each condition, normalized to the Mean 
of the control of each individual experiment. ** P value ≤ 0.01; *** P value ≤ 0.001; unpaired t test with 
Welch’s correction; iExp: independent experiment; n: number of embryos analyzed; Control MO: 1 ng/E 
Control MO + 1 ng/E P53 MO1; P95 MO1 was co-injected with 1 ng/E P53 MO1. 
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Figure 3.30 P95 MO KD causes an increase in co-localization of β-catenin and Fzd to EGFP-Rab5c in 
transplanted cells. (A) Cells from embryos of the transgenic line Tg(h2afx:EGFP-Rab5c), either injected 
with Control MO (top panel) or P95 MO1 (bottom panel), were transplanted into wild-type host 
embryos. Yellow arrows indicate examples of co-localized objects. It was frequently observed, that 
Fzd7a accumulated in the nucleus of P95 morphant cells. (B) Quantification of co-localization in EGFP-
positive cells only. β-catenin co-localized more with EGFP-Rab5c in transplanted P95 morphant cells, 
than in cells injected with Control MO. Co-localization of EGFP-Rab5c to Fzd7a, independent of β-
catenin, was not affected by P95 MO KD. Triple co-localization of EGFP-Rab5c to β-catenin and Fzd7a 
was significantly increased in transplanted P95 morphants cells. Scatter plots show the Mean ± SD for 
each condition, normalized to the Mean of the control. n. s.: not significant; ** P value ≤ 0.01; *** P 
value ≤ 0.001; unpaired t test with Welch’s correction; Control MO: 1 ng/E Control MO + 1 ng/E P53 
MO1; P95 MO1 was co-injected with 1 ng/E P53 MO1. 
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3.6.4 P95 MO KD affects the sub-cellular distribution of E-Cadherin 
 β-catenin is a dual-function protein! It serves as an integral part of cell-cell 
adhesion complexes by binding to E-Cadherin and functions as transcriptional 
regulator downstream of WNT signaling [13]. We hypothesized that an endosomal 
modulation of the sub-cellular distribution and functional availability of β-catenin 
could be coupled to the regulation of E-Cadherin mediated cell-cell adhesion. To assess 
if P95 modulates only the cytoplasmic pool of β-catenin we analyzed the sub-cellular 
distribution of endogenous E-Cadherin in shield-stage zebrafish embryos. The 
specificity of the anti-E-Cadherin antibody was confirmed by Morpholino-mediated 
knockdown of E-Cadherin with a published, translation blocking Morpholino (Cdh1 
MO1) [146]. Systemic injection of wild-type embryos with 4 ng/E Cdh1 MO1 resulted in 
strong downregulation of E-Cadherin protein levels as detected with the E-Cadherin-
specific antibody used in this thesis work (Fig. 3.31). 
 Systemic interference with zfP95 expression (P95 MO KD and P95 OE) resulted in 
increased total E-Cadherin levels in shield-stage embryos (60% epiboly; Fig. 3.32 A&B). 
Interestingly and similar to the results for β-catenin, E-Cadherin accumulated in 
cytoplasmic vesicular spots in P95 morphants. Furthermore, these cytoplasmic E-
Cadherin accumulations co-localized with EGFP-Rab5c in P95 morphant embryos of the 
transgenic line Tg(h2afx:EGFP-Rab5c) (Fig. 3.32 A&C). Quantification of co-localization 
gave similar results like for the β-catenin data, showing significantly increased co-
localization of EGFP-Rab5c to E-cadherin upon P95 MO KD (Fig. 3.32 C). On the 
contrary, systemic overexpression of zfP95 resulted even in a significant decrease in 
co-localization of EGFP-Rab5c with E-Cadherin, which in the case of β-catenin was only 
a tendency but never significant. We included also a WNT receptor (Fzd7a) in this co-
localization analysis to evaluate if its co-localization to early endosomes depends on 
P95 and E-Cadherin. Triple co-localization of EGFP-Rab5c to E-Cadherin and Fzd7a did 
not change upon systemic knockdown of P95, but was reduced if zfP95 was 
overexpressed (Fig. 3.32 D). These experiments suggest that P95 is required for 
endosomal trafficking of E-cadherin to maintain the precise balance of E-Cadherin 
between cell-cell adhesion sites and endosomal pools. 
  
Results 
 
 
89 
 
Figure 3.31 Control of the anti-E-Cadherin antibody specificity. The representative immuno-
fluorescence images at the top show deep cells of shield-stage embryos (60% Epiboly) stained for DNA 
(DAPI, highlighting the nuclei) and E-Cadherin. Compared to wild-type (WT) embryos, intensity of the E-
Cadherin signal (green) was strongly reduced after systemic knockdown of E-Cadherin with a specific 
translation blocking MO (Cdh1 MO1). Quantification of total E-Cadherin intensities in wild-type and E-
Cadherin morphant embryos confirmed the significant reduction of total E-Cadherin levels. Scatter plot 
shows the Mean ± SD for each condition of all the embryos analyzed (n). *** P value ≤ 0.001; unpaired t 
test with Welch’s correction. 
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Figure 3.32 Interfering with zfP95 expression affects the sub-cellular distribution of E-Cadherin. 
(A) Endogenous E-Cadherin localized to cytoplasmic spots (in addition to its cell membrane localization) 
in shield-stage embryos of the transgenic line Tg(h2afx:EGFP-Rab5c). P95 MO KD caused cytoplasmic 
accumulations of E-Cadherin-positive objects that co-localized with EGFP-Rab5c (yellow arrows). P95 OE 
had the opposite effect, showing less intracellular E-Cadherin objects. (B) Quantification of total E-
Cadherin intensity showed increased total E-Cadherin levels under both conditions of P95 MO KD and 
P95 OE. (C) Co-localization of EGFP-Rab5c to E-Cadherin was increased in P95 morphants, but decreased 
upon zfP95 overexpression. Knockdown of E-Cadherin (4 ng/E Cdh1 MO1) served as internal control to 
verify the reduction in co-localization, if E-Cadherin protein levels were reduced. (D) Quantification of 
triple co-localization of EGFP-Rab5c to E-Cadherin and Fzd7a (Fzd7a was included as a marker in the 
same experiment). Scatter plots show the Mean ± SD for each condition of all the embryos analyzed (n), 
normalized to the Mean of the Control. ** P value ≤ 0.01; *** P value ≤ 0.001; Control MO: 1 ng/E 
Control MO + 1 ng/E P53 MO1; P95 MO1 was co-injected with 1 ng/E P53 MO1. 
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Table 3.3 Average co-localization values (Mean ± SD) of early endosome markers with 
proteins of interest in shield-stage zebrafish embryos. 
Main Object 
(Endosome Marker) 
Co-localization to 
Co-localization [%] 
(based on integral intensity) 
Total cells 
analyzed 
EGFP-Rab5c β-catenin 30 ± 6.30 676 
EGFP-Rab5c Fzd9b-mRFP 40 ± 8.11 77 
EGFP-Rab5c β-catenin & Fzd9b-mRFP 24 ± 5.89 77 
EGFP-Rab5c Fzd7a 25 ± 10.26 281 
EGFP-Rab5c β-catenin & Fzd7a 13 ± 3.44 62 
EGFP-Rab5c E-Cadherin 18 ± 2.59 286 
EEA1 β-catenin 10 ± 2.09 428 
APPL1 β-catenin 23 ± 3.01 702 
 
 
In summary, the results presented in my thesis work demonstrate that the novel Rab5 
effector P95 is essential for early zebrafish embryogenesis. More specifically, P95 is 
required to maintain the activity of different signaling pathways that control 
patterning and morphogenetic movements during zebrafish gastrulation. With respect 
to WNT/β-catenin signaling, the nuclear translocation of β-catenin and the 
transcriptional regulation of β-catenin target genes critically depend on functional 
protein levels of P95. Furthermore, P95 modulates the endosomal recruitment of β-
catenin and proteins that are known to exist in complexes with β-catenin (Frizzled 
receptors; E-Cadherin). 
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4. Discussion 
 The regulation of cell signaling via endosomal transport of signaling molecules 
emerges as an essential principle to modulate and fine-tune the functional signaling 
output downstream of evolutionary conserved cell membrane receptor-systems. The 
big challenge ahead lies in understanding how the endocytic system co-regulates the 
cell- and tissue-context-dependent signal transduction process in the complex in vivo 
environment during development. My PhD thesis provides the first in vivo 
characterization of the novel endocytic protein and Rab5 effector P95 (PPP1R21) 
during zebrafish development. The aims of this work were to explore if P95 is required 
to modulate developmental signaling and if that modulation could be a functional 
consequence of the P95-dependent endosomal sorting of signaling molecules. The 
three most significant findings of this study are: 
 
(1) P95 is essential for zebrafish embryogenesis as it is functionally required during 
gastrulation. 
(2) P95 modulates the signaling activity of WNT/β-catenin signaling throughout 
gastrulation. 
(3) P95 localizes to Rab5-positive early endosomes and modulates the recruitment 
of β-catenin to early endosomes in vivo. 
 
4.1 P95 as novel endocytic protein in vertebrate development 
 P95 (PPP1R21) was discovered in the Zerial lab as novel Rab5 effector and core 
sub-unit of a 5 protein complex (P5 Complex), that preferentially localizes to 
Rab5/EEA1 double-positive compartments in mammalian cells (HeLa; unpublished 
work). In HeLa cells, human P95 shows only very little co-localization with APPL1, a 
marker for a functionally distinct early endosomal sub-population. That is interesting 
since the selective recruitment of P95 to the EEA1 sub-population of Rab5 endosomes 
suggests a specific function of P95 at the early endosomal level. 
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We hypothesized that due to its evolutionary conservation in vertebrates, P95 might 
be functionally required to fine-tune the signaling output during developmental 
signaling in vertebrate embryos. 
 With this study we confirm that zebrafish P95 (zgc:92087) is the conserved 
homolog of human P95 (PPP1R21) and show that full-length zebrafish P95 is 
ubiquitously expressed throughout zebrafish gastrulation. The ubiquitous expression 
of full-length zebrafish P95 indicates that it is a general component of embryonic cells 
at blastula and gastrula stages. In agreement with the cell culture data, zebrafish P95 
shows robust co-localization with Rab5 early endosomes and only very little with 
APPL1 compartments in vivo. In contrast, the co-localization of EEA1 with zebrafish P95 
is rather low in cells of gastrulating zebrafish embryos. That is in line with our results 
that zebrafish EEA1 shows only moderate co-localization with zebrafish Rab5c (less 
than 40%) in cells of gastrulating zebrafish embryos. To our knowledge, no other study 
has investigated EEA1 during zebrafish gastrulation and our findings suggest that only 
a third of the Rab5c endosomes are positive for EEA1. Zebrafish has four Rab5 genes 
and if the corresponding proteins localize to separate sub-populations of early 
endosomes, the recruitment of EEA1 could result in only partial overlap with 
compartments positive for one distinct Rab5 isoform. Nevertheless, zebrafish P95 
localizes to vesicular structures of which roughly half are early Rab5 endosomes. 
 In HeLa cells, P95 is required to maintain the correct balance between distinct 
sub-populations of early endosomes (EEA1 vs. APPL1 compartments), with a functional 
consequence for endosomal cargo sorting between EEA1 and APPL1 endosomes. 
Knockdown of human P95 in cell culture specifically alters parameters of the EEA1 
compartment without disrupting endocytosis or the early endosomal system globally. 
In agreement with the cell culture data, interference with zebrafish P95 function in 
vivo does not disrupt the early endocytic system globally, but differentially affects 
EEA1 and APPL1 early endosomes. Furthermore, our quantitative analysis of early 
endosomal co-localization with different cargo proteins (β-catenin, Frizzled receptors, 
E-Cadherin) reveals a P95-dependent recruitment of these cargos to early endosomes. 
Thus, in line with the cell culture data, we could confirm that P95 knockdown in vivo 
has a functional consequence on endosomal sorting or transport of cargo proteins to 
endosomal compartments. 
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This suggests that the function of P95 at the early endocytic level is conserved 
between vertebrate species and adds another Rab5 effector to the list of endocytic 
proteins with important functions during development. 
 We also found that P95 is strongly recruited to the centrosomal region in cells of 
gastrulating zebrafish. The strong co-localization of the P95-positive peri-nuclear 
accumulations with γ-Tubulin indicates the recruitment of P95 to the centrosome, 
basal body or primary cilium. Therefore, it is more probable that P95 has multiple 
functions in vivo and the few publications that mention P95 do suggest exactly this. 
One function could be the endosomal recruitment and transport of specific proteins to 
promote their functional availability at specific sub-cellular locations. We provide 
evidence that this might be the case for β-catenin, as P95 modulates the cytoplasmic 
pool of β-catenin and its capability to translocate to the nucleus (discussed in section 
4.4). But also evidence from other studies supports such a hypothesis. P95 was a hit in 
a screen for specific binding partners of Protein Phosphatase 1 (PP1) [147] and could 
therefore recruit this phosphatase to early endosomes. P95 was also a hit in a screen 
for ciliopathy disease genes and co-purified with proteins that specifically localize to 
the primary cilium or basal body [148]. That is in line with our results showing the 
strong localization of zebrafish P95 to the centrosomal region in vivo. However, our 
use of fluorescently tagged zfP95-fusion proteins to determine P95 sub-cellular 
localization is a limitation of this study. To be absolutely sure about its cellular sites of 
function, P95 antibodies suitable for IF detection (preferably Camelidae nanobodies) 
and in vivo P95 reporter lines (preferably P95-BAC transgenic lines or CRISPR/Cas 
endogenously tagged P95) need to be designed and investigated. To speculate, P95 
might be a scaffolding protein that mediates the recruitment of specific proteins to 
early endosomal compartments and functionally couples endocytic trafficking with 
other essential cellular processes during vertebrate development. 
 
4.2 The functional requirement of P95 for zebrafish gastrulation 
 Gastrulation is the most critical phase of animal embryonic development. 
Perturbations of essential cell functions during gastrulation usually result in the 
accumulation of severe developmental defects during embryogenesis and often cause 
lethality before embryogenesis is completed. 
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Here, we found that the novel Rab5 effector P95 is required during zebrafish 
gastrulation. Both, systemic knockdown and overexpression of zfP95 result in 
gastrulation phenotypes and the accumulation of severe developmental defects during 
the first day of zebrafish development. Interestingly, the functional consequences for 
gastrulation of reducing P95 protein levels are distinct from those resulting from 
upregulation of endogenous P95 protein levels. Systemic P95 knockdown causes an 
early D/V patterning defect at the onset of gastrulation and mainly delays 
morphogenetic movements (epiboly, C/E), culminating in a moderate convergence 
defect at the end of gastrulation. Furthermore, P95 knockdown correlates with 
significantly reduced signaling activity of signaling pathways that pattern the 
gastrulating embryo (WNT/β-catenin, BMP, Shh). In contrast, systemic overexpression 
of P95 disrupts morphogenetic movements and embryonic patterning severely during 
gastrulation. At the same time, P95 overexpression did not block WNT/β-catenin 
signaling. These findings strongly suggest that P95 protein levels need to be precisely 
controlled in vivo and that P95 is functionally involved in multiple processes during 
gastrulation. 
 The developmental defects observed in P95 morphants at the onset of 
gastrulation could be partially explained by the P95-dependent modulation of 
cytoplasmic β-catenin pools. A major finding of this study is the requirement of P95 for 
mediating the nuclear translocation of β-catenin by modulating endosomal transport 
of β-catenin. Zebrafish has two β-catenins that have opposing domains of β-catenin 
target gene activation and also opposing roles in D/V patterning during early zebrafish 
gastrulation. β-catenin-1 functions downstream of WNT/β-catenin signaling in the 
ventro-lateral margin to ventralize mesoderm and to limit the size of the dorsal 
organizer region. In contrast, β-catenin-2 is specifically required to induce the dorsal 
organizer and to activate genes that promote dorsal fates in pre-gastrula stages. It is 
interesting to note that both zebrafish β-catenins, similar to zebrafish P95, are 
ubiquitously expressed during gastrulation stages [109]. That would be consistent with 
a functional requirement of P95 to modulate cytoplasm-to-nucleus shuttling of β-
catenin throughout gastrulation. 
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If P95 regulates the shuttling of β-catenins between cytoplasmic pools and the 
nucleus, through recruitment to early endosomes as regulatory mechanism, one would 
expect β-catenin specific phenotypes in P95 morphants. Moderate knockdown of 
zebrafish P95 results in the expansion of the dorsal organizer region and reduced 
nuclear translocation of β-catenin in ventro-lateral regions of the early zebrafish 
gastrula. This corresponds to an inhibition of β-catenin-1-mediated transcriptional 
activity downstream of WNT/β-catenin signaling [138, 149]. Increasing the 
concentration of a translation-blocking P95 Morpholino (P95 MO1) was sufficient to 
strongly reduce the expression of flh, a gene expressed in the dorsal organizer region. 
The induction of dorsal genes in the prospective dorsal organizer region (including flh) 
is controlled by maternally delivered β-catenin, which is according to several studies 
the exclusive function of β-catenin-2 [108, 109, 121, 122, 150]. In addition, inhibition 
of expression of both β-catenins results in a reduction of foxi1 expression during 
gastrulation [122], similar to our findings that P95 MO1 KD reduces foxi1 expression. 
Furthermore, knockdown of P95 results also in ectopic expression of chordin at shield 
stage, although, only slightly and not circumferentially as reported for β-catenin-1/2 
double morphants [122]. Taken into account that Morpholino-mediated knockdown of 
P95 requires time to reduce zfP95 expression to a critical level, it is more likely that we 
affect the β-catenin-dependent functions during gastrulation. In pre-gastrula stages, 
zfP95 protein levels might not yet be reduced enough to compromise P95 function and 
thus, the β-catenin-2-specific function in dorsal organizer formation might only be 
compromised with higher P95 MO concentrations. Thus, our results suggest that P95 is 
required for both β-catenins to exert their transcriptional activity and that the P95 
morphant phenotypes can at least in part be explained by the consequence of 
reducing β-catenin shuttling to the nucleus. 
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 The consequences of P95 knockdown on other signaling pathways and on E-
Cadherin sub-cellular distribution found in this study, would explain the combinatorial 
defects in patterning and gastrulation movements. Especially the strong 
overexpression defects upon injection of only small amounts of zfP95 mRNA into 1-cell 
stage embryos highlights that P95 contributes to several processes essential for 
zebrafish gastrulation. To further dissect the functions of P95 during early zebrafish 
development, analysis of the zygotic and maternal-zygotic P95 mutants as well as 
conditional overexpression during selected developmental stages would be needed. 
An important experiment to dissect the dependency of P95 function on its recruitment 
to early endosomes would involve the analysis of P95 isoforms that cannot bind Rab5-
GTP. Once the Rab5-binding site within the P95 protein is identified, site-specific 
mutagenesis could produce a P95 version that only lacks its capability to bind Rab5-
GTP and cannot be recruited to early endosomes. Overexpression of such a P95 
version in wild-type embryos or in a P95 mutant background would reveal which of the 
developmental defects are due to a function of P95 at early endosomes and which 
would be a consequence of endosome-independent functions of P95. 
 
4.3 The P95-dependent modulation of developmental signaling 
 Our results suggest that P95 is generally required to maintain signaling activity of 
several signaling pathways that pattern the early zebrafish embryo throughout 
gastrulation (WNT, BMP, Shh). In the case of WNT/β-catenin signaling, P95 MO KD 
results in impaired nuclear translocation of β-catenin at the onset of gastrulation and 
correlates with a reduction in β-catenin-dependent target gene expression. Likewise, 
BMP signaling was dampened already at the onset of gastrulation as the reduction in 
nuclear translocation of P-Smad1/5/8 and the flattened P-Smad1/5/8 gradient 
indicated. At the end of gastrulation, Shh signaling activity was reduced as shown by 
the reduction of ptc1 expression. Interestingly, P95 MO KD had only minor effects on 
the transcriptional activity downstream of FGF signaling at the end of gastrulation. 
Apparently, not every signaling pathway that operates during zebrafish gastrulation is 
affected by P95 knockdown. 
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 The cell culture data obtained in the Zerial lab suggests that human P95 
regulates the balance between distinct sub-populations of early endosomes with a 
consequence for endosomal cargo sorting. EGF and EGFR sorting towards EEA1 
endosomes was decreased while having been increased towards APPL1 endosomes 
upon P95 knockdown in HeLa cells. As a result, an increased signaling activity 
downstream of EGFR could be detected. This argues for a function of P95 in 
modulating the signaling activity of endocytosed ligand-receptor complexes by the 
mode of signal attenuation. P95 would be required to ensure proper sorting of EGF-
EGFR complexes towards lysosomal degradation resulting in efficient downregulation 
of signaling. In vivo, the situation looks different. Here, P95 is required to maintain 
signaling activity. Nevertheless, the cell culture data and the in vivo data both show an 
increased co-localization of signaling molecules to early endosomes under conditions 
of P95 knockdown. Thus, the result from cell culture that the retention time of EGF in 
APPL1 endosomes is increased upon P95 RNAi could translate in vivo and explain why 
we find more signaling cargo localizing to Rab5 endosomes. If P95 functions in 
regulating endosomal cargo sorting, perturbations of that function are likely to affect 
the balance between cargo recycling and degradation. As a consequence, signaling 
complexes (ligand-receptor complexes) could be trapped at the early endosomal level 
with context-dependent functional consequences for different signaling pathways. 
 
4.4 The significance of endosomal transport of β-catenin 
 Downstream of activated WNT/Frizzled/LRP6 complexes, β-catenin is the core 
transcriptional regulator in the WNT/β-catenin signaling module. To fulfill its function 
as co-activator of gene transcription, β-catenin has to accumulate first in the 
cytoplasm and subsequently in the nucleus. Its cytoplasmic concentration is regulated 
by the β-catenin destruction complex downstream of WNT signaling. The vast majority 
of literature on WNT/β-catenin signaling suggests that as consequence of active WNT 
signaling, the destruction complex is inhibited and allows for the accumulation of β-
catenin in the cytoplasm, its nuclear translocation, and association with transcription 
factors [10]. What remains largely unknown is the regulation of cytoplasmic β-catenin 
in its N-terminally CK1/GSK3-non-phosphorylated (active) form and the shuttling of β-
catenin to the nucleus. 
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Taking the latest knowledge of intracellular organization into account, the cytoplasm is 
a highly crowded environment, in which most of the functional proteins exist in multi-
protein complexes that are under the control of regulatory mechanisms. This suggests 
that also the cytoplasmic pools of stabilized β-catenin (active) and its cytoplasm-to-
nucleus shuttling are precisely regulated. More recently (since the year 2007), several 
reports suggest that the sub-cellular compartmentalization and sequestration of β-
catenin are regulatory processes to modulate the functional output of WNT/β-catenin 
signaling. Our results are in agreement with the emerging concept of modulating WNT 
signaling by β-catenin compartmentalization/sequestration and show for the first time 
the localization of β-catenin to early endosomes in a vertebrate species. 
 It was shown that WNT/β-catenin signaling can be downregulated by 
sequestration of β-catenin at the primary cilium through association with the 
ciliopathy protein and context-specific Wnt pathway regulator Jouberin. In the 
presence of active WNT signaling, fractions of cytoplasmic β-catenin are recruited to 
the primary cilium, which limits β-catenin nuclear translocation and dampens the WNT 
signaling response [151]. Other studies have provided evidence that β-catenin can 
localize to endosomal compartments in cell culture. In the work of Taelman et al. [64], 
which showed the requirement of GSK3 sequestration into MVBs for sustained WNT/β-
catenin signaling, wild-type β-catenin-GFP was found in Rab5QL endosomes 
(constitutive active Rab5 that produces large endosomes; artificial situation). In the 
same study, stabilized (mutant) β-catenin that cannot be phosphorylated by GSK3, 
accumulated in intracellular vesicular structures in HeLa cells. This is interesting since it 
suggests that active β-catenin (GSK3-non-phosphorylated) can accumulate as 
cytoplasmic vesicular structures. So far, evidence is lacking that clarifies if these 
structures are endosomal compartments. Now we provide evidence that β-catenin can 
localize to early endosomes in vivo and further experiments are planned to assess if 
the β-catenin at endosomes is active (N-terminally non-phosphorylated) or inactive (N-
terminally phosphorylated). Endosomal trafficking of active β-catenin could thus be a 
regulatory mechanism to control the shuttling of β-catenin from the cytoplasm to the 
nucleus. 
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 Evidence from another cell culture study suggests an internalization of β-catenin 
into MVBs with the consequence of protecting it from proteasomal degradation. The 
authors suggest that the protected β-catenin still contributes to the signal transduction 
process downstream of WNT and promotes the maintenance of WNT signaling activity 
[152]. But it remains elusive how β-catenin should contribute to the signaling process 
once it becomes internalized into MVBs, given that the fate of cargo in MVBs is the 
sorting towards lysosomal degradation. Somehow β-catenin would have to escape 
from the intraluminal vesicles of MVBs to be able to enter the nucleus. A more likely 
hypothesis is that endosomal degradation of active, N-terminally non-phosphorylated 
β-catenin serves as a mechanism to regulate the active form of β-catenin in the 
cytoplasm and limit its nuclear translocation (e.g. to prevent hyperactivation of the 
WNT pathway). This would explain our results that increased co-localization of β-
catenin to early endosomes, under conditions of P95 knockdown, correlates with 
reduced accumulation of β-catenin in the nucleus and subsequently reduced WNT 
signaling. To verify this hypothesis it would be essential to elucidate if the co-
localization of β-catenin to early endosomes corresponds to an internalization of β-
catenin into endosomes or to a recruitment of cytoplasmic β-catenin to the endosomal 
membrane. The first scenario would argue for endosomal transport of β-catenin as a 
result of cargo sorting. The second scenario would imply the recruitment of β-catenin 
to endosomes as signaling platforms and the shuttling of β-catenin through the 
cytoplasm. 
 Interestingly, we have also found that P95 knockdown exerts a similar phenotype 
on proteins known to form complexes with β-catenin (Frizzled receptors, E-Cadherin). 
Co-localization of frizzled receptors (Fzd7a, Fzd9b) to early endosomes was only 
increased upon P95 MO KD, if β-catenin localized to the same Rab5 endosomes as 
Frizzled receptors localized to. Likewise, E-Cadherin co-localization to Rab5 endosomes 
was increased upon P95 MO KD. This raises the possibility that the β-catenin we found 
at early endosomes exists in complexes with Frizzled receptors and/or E-Cadherin and 
would favor the internalization scenario of these hypothetical complexes into early 
endosomes. Studies summarized in review [15] strongly suggest that E-Cadherin and β-
catenin can traffic via the same endosomal compartments and evidence summarized 
in reviews [9, 65, 152] indicates the same for Frizzled receptors and β-catenin. 
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To speculate, P95 could co-regulate endosomal sorting of Frizzled/β-catenin and E-
Cadherin/β-catenin complexes to mediate the switch between β-catenin’s function 
downstream of WNT signaling and its function in cell-cell adhesion. Furthermore, 
endosomal compartmentalization of Frizzled signaling complexes could be a 
mechanism to fine-tune the signaling output downstream of different WNT-Frizzled 
combinations and modulate β-catenin-dependent versus β-catenin-independent 
signaling. 
 
In summary, our results are in line with several other new studies that suggest the 
trafficking of the dual-function protein β-catenin as a mechanism to fine-tune the 
functional output of WNT/β-catenin signaling. 
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5. Conclusion & Perspective 
 Endocytosis and endocytic trafficking have emerged as an essential regulatory 
layer to control cell signaling. Many experimental and theoretical studies provided 
mechanistic insights explaining how the endocytic trafficking of molecular signaling 
components regulates the functional signaling output in cell culture systems. The big 
challenge ahead involves the verification of the functional relevance of those detailed 
mechanistic insights for cell signaling in the complex in vivo environment of living 
organisms. My thesis work aimed to improve our understanding of the modulation of 
developmental signaling by endocytic trafficking in vivo. We provide the first functional 
characterization of the novel endocytic protein and Rab5 effector P95 (PPP1R21) 
during zebrafish development. We found that zebrafish P95 is functionally required 
during zebrafish gastrulation to maintain the activity of signaling pathways that control 
embryonic patterning and morphogenesis. With a focus on WNT/β-catenin signaling, 
our systematic and quantitative analysis revealed a negative correlation of β-catenin 
nuclear accumulation with the recruitment of β-catenin to early endosomes in vivo. 
Based on our findings, we propose the endosomal trafficking of β-catenin as novel 
mechanism to modulate β-catenin cytoplasm-to-nucleus shuttling and by that the 
functional output of WNT/β-catenin signaling during zebrafish gastrulation (Fig. 5.1). 
 
 In conclusion, our study adds the novel Rab5 effector P95 to the list of proteins 
required for vertebrate development and β-catenin to the list of signaling molecules 
that localize to early endosomes in vivo. Furthermore, the data presented here allows 
the suggestion of a novel mechanism through which the early endocytic system 
contributes to the modulation of WNT/β-catenin signaling during vertebrate 
development. This study also suggests that zebrafish P95 has multiple functions in vivo 
and further detailed investigations are required to dissect their modes of action. 
Studying cell biology in vivo is still a big challenge due to technical difficulties, the need 
of highly specific and sophisticated tools, and the complex nature of the in vivo 
environment. 
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My thesis work highlights the importance of pushing the investigation of cell biology in 
vivo and raises several new questions, of which the three most important are: 
 
1. Is P95 generally required for endosomal transport of endocytic cargos and 
modulates developmental signaling though the cell-context-dependent activity of 
specific signaling pathways? 
2. Which other functions has P95 during development and do they depend on the 
coupling of cellular processes to the endocytic system, via recruitment of specific 
proteins to early endosomes? 
3. Is the endosomal transport of β-catenin a general mechanism to control the 
cytoplasmic pools and the cytoplasm-to-nucleus shuttling of β-catenin in vivo? 
 
 Using the zebrafish as a model system has already greatly advanced our 
understanding of the cell biological foundation of development and human disease 
processes. The portfolio of tools to study cellular and sub-cellular processes in 
zebrafish embryos is constantly growing and enables us to directly visualize and 
quantify regulatory processes in vivo [153]. I encourage the development of specific 
biosensors, molecular probes and in vivo reporters to detect and quantify the 
dynamics and spatial discretization of signal transduction processes in vivo, preferably 
in zebrafish embryos. This would render the imaging of information flows (the 
coherent signal transduction processes) in living systems possible. 
 
 I think there is an urgent need to push cell biology in vivo in order to improve our 
understanding of the biological processes and mechanisms essential for the function of 
living systems. Only within the background of the complex in vivo environment will we 
be able to differentiate the truly required mechanisms from all the possible 
mechanisms that can be thought of. Because, despite all the complexity and multiple 
components that living systems are made of, they work and function robustly, 
efficiently and reproducibly. 
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Figure 5.1 Model for the proposed mechanism of the endocytic modulation of β-catenin trafficking. 
Both graphics (A&B) illustrate a cell of a zebrafish embryo at the onset of gastrulation. WNT signaling is 
active as indicated by the ternary receptor complex (Wnt-Frizzled-LRP6) and the inhibition of the 
destruction complex at the cell membrane. (A) In case of wild-type conditions, P95 functions at the early 
endosomal level and a fraction of the cytoplasmic β-catenin is trafficked via early endosomes. β-catenin 
can translocate to the nucleus and activate WNT target gene expression. (B) In P95 morphants, in which 
P95 protein levels are depleted, β-catenin accumulates at early endosomal compartments. That 
endosomal accumulation of β-catenin correlates with a reduction in nuclear accumulation of β-catenin 
and an inhibition of WNT target gene expression. It is focus of further investigations to assess if β-
catenin is internalized into early endosomes (e.g. with E-Cadherin from cell-cell adhesion complexes) or 
recruited to the endosomal membrane from the cytoplasm. The endosomal trafficking of β-catenin 
modulates the cytoplasm-to-nucleus shuttling of β-catenin and as a functional consequence the 
signaling output downstream of WNT/β-catenin signaling. 
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6. Methods & Materials 
 
6.1 Methods 
 
6.1.1 Zebrafish animal husbandry, embryo collection and staging of embryos 
Zebrafish maintenance was done at 28 °C in the MPI-CBG Fish Facility according to 
standard procedures. Male and female adult fish were set up together in special tanks 
overnight, physically separated by an insert. The insert was removed the next morning 
(between 08:00 and 11:00 AM) and embryos of individual crossings were collected 15-
30 min after the male and female parent fish were joined. Offspring of individual 
batches (80 – 200 embryos per crossing) were raised at 28 °C in E3 embryo medium. 
Depending on the experimental requirements, embryos were staged according to time 
of development in hours post fertilization (hpf) or according to morphological criteria 
as described in Kimmel et al., 1995 [99]. 
 
6.1.2 Zebrafish lines used in this study 
The following zebrafish lines were used in this PhD thesis work: 
 
Zebrafish Line Source Description 
WT AB & WT TL MPI-CBG Fish Facility 
Wild-type line of the genotype AB 
or TL (Tupfel long fin) 
APPL1 -/- 
Tilling mutant from MPI-
CBG Tilling Facility; 
unpublished 
Zebrafish APPL1 Q88 stop 
mutation; no APPL1 protein is 
detectable in homozygous mutants 
Tg(h2afx:EGFP-Rab5c)mw5 Brian A. Link Lab [143] 
N-terminally EGFP-tagged 
zebrafish Rab5c expressed under 
the h2afx promoter 
Tg(Hsp70:Wnt3a+exon3-HA-EGFP) 
generated by C. Eugster-
Oegema; Andrew Oates 
Lab; unpublished 
C-terminally HA- and EGFP-tagged 
zebrafish Wnt3a under control of 
the Hsp70 heat-shock promoter 
Tg(7xTCFXla.Siam:nlsmCherry)ia5 
Francesco Argenton Lab 
[140] 
Transgenic WNT/β-catenin 
signaling reporter 
Tg(TOP:dGFP)w25 Randall T. Moon Lab [141] 
Transgenic WNT/β-catenin 
signaling reporter 
Tg(Dusp6:d2EGFP)pt6 Michael Tsang Lab [142] Transgenic FGF signaling reporter 
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6.1.3 Cloning of the zebrafish full-length P95 coding sequence 
The zebrafish P95 full-length coding sequence was cloned from total RNA of the 
following embryonic stages of the zebrafish wild-type lines AB & TL: 
 tailbud stage = end of gastrulation 
 3 ss = start of somitogenesis/organogenesis 
 24 hpf = zebrafish larvae with major organ systems 
Total RNA was isolated from dechorionated embryos according to the following 
protocol using the TRIzol® Reagent (Ambion). 
 
Extraction of total RNA from zebrafish embryos using the TRIzol® Reagent (Ambion) 
 Collect approx. 100 zebrafish embryos per 2 ml tube and remove the liquid medium 
 Shock-freeze in liquid nitrogen 
 Homogenize ~100 embryos in 1 ml TRIzol® Reagent (TRIzol reagent contains phenol and should only 
be used under a fume hood) using a sterile syringe until the tissue is sufficiently disrupted 
 Incubate 5 min at RT (to permit complete dissociation of nucleoprotein complexes) 
 At this stage, the sample can be flash frozen in liquid nitrogen and stored at -80 °C or the protocol 
can be continued 
 Add 0.2 ml Chloroform per 1 ml TRIzol® 
 Vortex well or shake vigorously 
 Incubate on ice for 15 min 
 Centrifuge at 12000 x g for 15 min at 4 °C 
 Collect the 1st supernatant (upper aqueous phase) and place it into a new tube. Discard the rest. 
The mixture will separate into a lower red phenol-chloroform phase, an interphase, and a colorless 
upper aqueous phase. The upper aqueous phase contains exclusively the RNA. The volume of the 
aqueous phase should be about 60% of the initial volume of TRIzol. 
 Centrifuge again at 12000 x g for 10 min at 4 °C (to ensure a clean fraction of isolated RNA) 
 Transfer the aqueous phase into a fresh tube 
 Add 0.5 ml Isopropanol per 1 ml TRIzol to the solution to precipitate the RNA 
 Mix by inverting the tube several times 
 Incubate on ice for 5 min 
 Centrifuge at 12000 x g for 30 min at 4 °C 
 Carefully remove the supernatant (RNA will form a gel-like pellet on the bottom of the tube) 
 Washing step: add 1.5 ml of 75% Ethanol 
 Centrifuge at 7500 x g for 15 min at 4 °C, discard the supernatant 
 Centrifuge again for  1 min at 7500 x g and remove the remaining liquid with a 10 μl pipette 
 Air-dry the pellet (tube inverted) for max. 5 min at RT. Don’t dry the pellet completely as this will 
drastically decrease its solubility 
 Resuspend the pellet in 60 μl (per 100 Embryos) of RNase-free water; Heating the solution to 60 °C 
will help dissolving the pellet 
 Run an analytical agarose gel electrophoresis to check 2 μl of the RNA for sample quality (check for 
the 2 ribosomal RNA bands) 
 measure RNA concentration with the NanoDrop (a good extraction should yield ≥0.5 µg/µl of total 
RNA) 
 Freeze RNA in 5 µl aliquots and store at -80 °C 
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After checking the quality of the extracted and purified total RNA by agarose gel 
electrophoresis, cDNA was synthesized by reverse transcription using the SuperScript™ 
III First-Strand cDNA Synthesis Reverse Transcription system (Invitrogen). 1-3 µg of 
total RNA were used as input material per single reaction and cDNA synthesis was 
performed according to the following modifications of the manufacturer’s protocol. 
 
cDNA Synthesis using the SuperScript III First-Strand System from Invitrogen 
 Total reaction volume per PCR tube: 25 μl 
 Use 1-3 µg total RNA per 25 μl reaction 
 RNA/Primer Mix (16.25 µl) 
 9.5 μl Nuclease-free H2O 
 3 μl total RNA 
 1.25 μl 200-500 ng oligo(dT) primer 
 1.25 μl random hexamer primer 
 1.25 μl of 10 mM dNTP mix 
 65 °C, 5 min 
 On ice, at least 2 min 
 Enzyme Mix (8.75 µl) 
 5 μl 5x First-Strand Buffer 
 1.25 μl 0.1 mM DTT 
 1.25 µl RNaseOut (Ribonuclease Inhibitor) 
 1.25 μl SuperScript III RT (200 units/µl) 
 Combine RNA/Primer Mix with Enzyme Mix 
 25 °C, 10 min 
 50 °C, 120 min 
 85 °C, 10 min 
 On ice 
 Add 1 μl RNase H to each reaction 
 37 °C, 20 min 
 Dilute 1:2 in Nuclease-free H2O (for more abundant proteins or less background dilute 1:5) 
 cDNA was not purified from the synthesis reaction 
 Use cDNA directly for PCR or store cDNA at -20 °C 
 
Gene-specific primers (complementary to the start and stop codon regions) were used 
to amplify the full-length zebrafish P95 coding sequence by standard PCR. The 
Phusion® Hot Start II High-Fidelity DNA Polymerase system (Finnzymes) was used to 
run a 2-step hot start PCR protocol with 2 µl of cDNA as input material according to the 
manufacturer’s protocol. This strategy resulted in amplification of one major product 
running at 2.3 kb in an agarose gel electrophoresis. That product was extracted using 
the QIAquick Gel Extraction Kit (Qiagen) and sequencing (MPI-CBG DNA Sequencing 
Facility) confirmed it as full-length zebrafish P95 transcript. 
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The 2.3 kb PCR product was cloned into the pCR®-Blunt II-TOPO® vector using the Zero 
Blunt® TOPO® PCR Cloning Kit (Invitrogen) according to the manufacturer’s protocol. 
Subsequently, the full-length zebrafish P95 coding sequence was sub-cloned into the 
pCS2+ vector, using the BamH1 and Xba1 restriction sites as entry points. The following 
protocol was used for classical sub-cloning. 
 
Classical Cloning – Cut & Ligate 
Preparation of Destination Vector pCS2+ 
 Double restriction digest of destination vector plasmid (5-10 µg) with the respective restriction 
enzymes to create entry points (NEB system) 
 Dephosphorylation of linearized destination vector (e.g. with Antarctic Phosphatase in Antarctic 
Phosphatase Buffer); 37 °C for 20 min 
 Run whole reaction volume in an agarose gel electrophoresis and gel-purify the cut vector using the 
QIAquick Gel Extraction Kit (Qiagen) 
 Measure DNA concentration (NanoDrop) 
 
Preparation of the zfP95 insert from pCR®-Blunt II-TOPO® 
 Double restriction digest of donor vector (2-5 µg) 
 Run whole reaction volume in an agarose gel electrophoresis and gel-purify the insert (band of 
interest) using the QIAquick Gel Extraction Kit (Qiagen) 
 Measure DNA concentration (NanoDrop) 
 Use directly for ligation reaction 
 
Ligation 
 Insert : Vector ratio (always molar ratio) 
 At least 1:1 (molar ratio), but 3:1 or 5:1 or 10:1 works better; 50 ng of destination vector 
(or more) usually works fine 
 Easy formula to calculate the ratio: ng(insert) = bp(insert) * (ng(vector) / bp(vector)) * 
ratio(insert:vector) 
 Ligation Mix + negative control (no insert) 
 NEB T4 Ligase + 10x T4 Reaction Buffer (25 µl reaction volume) 
 2-3 h at RT 
 Use 5 µl of each reaction directly for one transformation reaction (50 µl) of heat-
shock/chemically competent E. coli 
 Freeze the rest of the reactions at -20 °C 
 
The cloned full-length zebrafish P95 coding sequence in the pCS2+ vector was used to 
generate mRNA for injections and sense/anti-sense probes for whole-mount in situ 
hybridization. The same sub-cloning strategy described above was used to generate N-
terminally tagged zfP95 fusion constructs with either EGFP or mCherry. 
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6.1.4 Synthesis of mRNA for microinjection 
Expression vectors containing the DNA of interest were linearized by restriction digest 
with the appropriate restriction enzymes (NEB) according to the following protocol. 
 
Plasmid linearization (Restriction Digest using the NEB reagents) 
 50 µl reaction mix 
 5-10 µl Plasmid DNA 
 5 µl BSA (100 µg/ml final concentration; from 10x BSA stock; depending on restriction 
enzyme) 
 5 µl NEB Reaction Buffer (from 10x stock) 
 3 µl restriction enzyme (not more than 10% of final reaction volume) 
 Fill up with Nuclease-free H2O (Ambion) to 50 µl final volume 
 39 °C; 2-3 h (30 min / 1.5 µg DNA) 
 purify directly using the QIAquick PCR Purification Kit (Qiagen) and elute in 50 µl Nuclease-free 
water (Ambion) 
 Analyze for complete linearization by running 2 µl in an agarose gel electrophoresis 
 measure concentration (NanoDrop) 
 store linearized plasmid DNA at -20 °C 
 
The linearized plasmid DNA was taken as a template to synthesize mRNA in vitro using 
the mMESSAGE mMACHINE® Kits (Ambion; either SP6 or T7 polymerase depending on 
promoter site in vector of interest). The reaction temperature for mRNA synthesis 
using the SP6 polymerase was 40 °C and 39 °C for the T7 polymerase, respectively. 
Synthesis was done according to the manufacturer’s protocol in a 25 µl reaction 
volume, yielding 0.5-1.0 µg/µl mRNA after purification with the RNeasy Mini Kit 
(Qiagen) and elution in 30-50 µl Nuclease-free water (Ambion). Quality control was 
done by running 1 µl of the purified mRNA in an agarose gel electrophoresis and 
comparing it to a control mRNA (1.85 kb, synthesized with the same protocol). Aliquots 
of 3 µl of mRNA were stored at -80 °C and only used twice. 
 
6.1.5 Microinjections of Morpholinos and mRNA 
Glass capillaries with an internal filament were used to prepare microinjection needles 
with a micropipette puller. The needle was filled with 1.5 µl of injection solution 
(containing the reagents of interest in Nuclease-free water) and placed on a 
micropipette holder connected to a micromanipulator. A synthetic tube connected the 
micropipette to a pneumatic pico pump. The pulse duration of pressure was regulated 
to obtain a constant drop size of approx. 100 µm in diameter per injection pulse, 
measured with a micrometer slide (0.01 mm resolution). 
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The aqueous injection solution was placed as a drop into a bigger mineral oil drop to 
measure the drop size diameter (100 µm). A final drop volume of 0.5 nl was calculated 
by approximating the volume of a sphere. The final concentration of Morpholino or 
mRNA injected into one embryo was calculated as amount (pg or ng) per embryo, 
based on 0.5 nl/E injection drop volume. 
 
Stock concentrations of Morpholinos were kept in Nuclease-free water (Ambion) at 
1-2 mM and stored at -20 °C. Stock concentrations of mRNA were kept in Nuclease-
free water at 500-1000 ng/µl and stored at -80 °C. Morpholino stocks were thawed at 
37 °C for 2 min and injection solutions were prepared in Nuclease-free water. mRNA 
stock solutions were thawed on ice and injection solutions were prepared in Nuclease-
free water. For all experiments performed in the present study, injection solutions 
were injected into the yolk of intact 1-cell stage embryos before the first cytokinesis 
was completed (30-45 min window for injection). Only for the P95 rescue experiments, 
the Morpholino/mRNA mix was injected into the first cell of intact 1-cell stage 
embryos. 
 
6.1.6 Heat-Shock of the transgenic line Tg(Hsp70:Wnt3a+exon3-HA-EGFP) 
Embryos were collected and injected as described above. After injection, embryos 
were maintained at 27.5 °C until 30% epiboly stage in E3 embryo medium. Half of the 
embryos of each experimental condition (controls and injected embryos) were then 
transferred into another incubator with 39 °C and incubated for 1 h at 39 °C (heat-
shock). After the 1 h incubation step at 39 °C, embryos were returned to 27.5 °C. The 
remaining half of embryos (no heat-shock) was kept at 27.5 °C at all times. For 
immunofluorescence imaging, the embryos were fixed at 65% epiboly (which 
corresponded to a fixation 2 h after heat-shock in the case of the heat-shocked 
embryos). To control for heat-shock efficiency, embryos of each batch was raised until 
the next day (24 hpf) and checked for the no-eye phenotype in heat-shocked animals 
and for the wild-type phenotype in non-heat-shocked embryos, respectively. 
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6.1.7 Transplantation experiments 
Embryos of the transgenic line Tg(h2afx:EGFP-Rab5c) served as donors and WT TL 
embryos served as hosts. Donor embryos were injected with either Control 
Morpholino or P95 MO1 at the 1-cell stage and kept at 28 °C. Donor and host embryos 
were dechorionated (with Pronase, as described in section 6.1.8) at oblong stage 
(3.5 hpf) and transferred into individual pockets of big agarose-coated petri dishes 
(made with custom-made plastic casting molds) with E3 medium. Approximately 20 
donor embryos and 60 host embryos were used per independent transplantation 
experiment. For each condition (Control MO vs. P95 MO1), multiple cells were 
removed from donor embryos and approximately 40 cells were transplanted into the 
lateral side (half way between animal pole and yolk margin) of each host embryo, 
before dome stage was completed (≤ 4.5 hpf). After transplantation, the host embryos 
were raised at 28 °C until 65% epiboly stage, fixed and processed for 
immunofluorescence detection (as described in section 6.1.13). Only transplanted cells 
were positive for EGFP-Rab5c and could be easily identified during confocal imaging. 
 
6.1.8 Dechorionation of embryos 
Prior to time-lapse microscopy, extraction of total RNA, extraction of total protein, cell 
transplantation, WISH and immunofluorescence stainings, the embryo’s chorions had 
to be removed. For fixed embryos that was done manually with two sharp forceps 
(Dumont no. 55) in an agarose-coated petri dish (1.2% agarose in E3 embryo medium). 
In the case of living embryos, they were incubated for 5-10 min in a glass dish with an 
enzyme solution (2 mg/ml Pronase in E3 embryo medium; Roche Applied Science) to 
partially digest the chorion. Once the first embryos started to separate from their 
chorion, they were rinsed 8x with E3 embryo medium and transferred into a new 
agarose-coated petri dish (1.2% agarose in E3 embryo medium) with fresh E3 embryo 
medium. 
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6.1.9 Whole-mount in situ hybridization (WISH) 
DIG-labeled, single-stranded RNA probes of defined length were generated by RNA in 
vitro transcription using the DIG RNA Labeling Mix (Roche). 
 
The respective DNA plasmids containing the target sequence of interest were 
linearized as described above, using specific restriction endonucleases. Anti-sense and 
control-sense probes were synthesized according to the following protocol. 
 
DIG-labeled RNA probe synthesis 
 in vitro transcription mix: 30 µl reaction volume 
 11 µl Nuclease-free H2O (Ambion) 
 3 µl 10x Transcription buffer (includes DTT; Roche) 
 3 µl 10x DIG RNA labeling mix (Nucleotide Mix including DIG-11-UTP; Roche) 
 10 µl template DNA (1.0 µg linearized plasmid DNA) 
 1 µl Protector RNase inhibitor 
 2 µl RNA polymerase (T3, T7 for antisense probes, SP6 for sense probes; 20 U/µl) 
 Incubate for 2-4 h at 39 °C 
 remove template DNA: add 1 µl DNase I (RNase-free) and incubate for 20 min at 37 °C 
 purify with RNeasy Mini Kit (Qiagen): 52 μl elution volume; Nuclease-free H2O (Ambion) 
 check 2 µl in an agarose gel electrophoresis 
 
After quality control, the 50 µl DIG-labeled RNA probe were added to 450 µl Hyb+ Mix 
to generate the probe stock. DIG-labeled RNA probe stocks were stored at -80 °C. 
Several pre-existing WISH protocols were tested and combined into one optimized 
protocol adapted to the 24-well cell culture plate format. 
 
Whole-mount in situ hybridization (WISH) of Zebrafish (Danio rerio) Embryos 
 Volumes: use 500 µl for incubation steps and 1 ml for washing / pre-incubation steps 
 Fix embryos in 4% PFA / PBS-T (Paraformaldehyde in 1x PBS buffer + 0.1% Tween20) for 24 h at 4 °C 
(in 2 ml microcentrifuge tubes) 
 
Day 1 
 Wash embryos 2x in PBS-T (1x PBS; 0.1% Tween20); in 2 ml microcentrifuge tubes 
 Dechorionate: dissect off the chorion in PBS-T with forceps in a agar-coated petri dish (1.2% agarose 
in E3 Medium) 
 Transfer into 24-well plates and wash embryos 1x in PBS-T 
 
 Methanol Treatment (for better probe penetration and long-term storage of fixed embryos) 
 Transfer embryos in 100% Methanol; 10 min; RT 
 Substitute with fresh 100% Methanol and place samples at -20 °C; incubate over night 
(embryos can be stored at -20 °C in 100% Methanol for several month) 
 Rehydration 
 50% Methanol/PBS-T; 10 min; RT 
 25% Methanol/PBS-T; 10 min; RT 
 PBS-T; 2x 10 min; RT 
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 Permeabilization of embryos older than 5 ss stage (digest with 5 µg/ml Proteinase-K in PBS-T at 
37 °C; Proteinase-K stock: 10 mg/ml stored at -20 °C) 
 6 somites   3 minutes 
 7 to 12 somites  5 minutes 
 12 somites to 24 hpf 10 minutes 
 24-36 hpf   15 minutes 
 48 hpf+   40 minutes 
 3 dpf    1 h 
 4 dpf    1 h 15 min 
 5 dpf    1 h 45 min 
 Rinse 2x in PBS-T; RT 
 Fix embryos in 4% PFA / PBS; 30 min; RT 
 Wash 3x 10 min in PBS-T 
 Hybridization 
 Pre-hybridization in Hyb Mix: 1 h at 70 °C + 1 h at 60 °C 
 Incubate embryos with probe in Hyb+ Mix at 62 °C over night (hybridization reaction) 
 Dilute DIG-labelled RNA probe stock 1:10 final in Hyb+ Mix (heat the probe stock as well as 
the final working solution to 95 °C for 5 min before application) 
 62 °C hybridization temperature works well for many high-quality probes; but the exact 
hybridization temperature depends on the probe sequence 
 
Day 2 
 Save the probe (can be used several times; store at -80 °C) 
 Washes after probe hybridization (Important: embryos should never contact air and be always 
covered by liquid) 
 First 6 washing steps are done at hybridization temperature (62 °C) 
 1x 30 min Hyb Wash 
 2x 30 min 1:1 Hyb Wash/2x SSC-T (0.1% Tween20) 
 1x 30 min 2x SSC-T (0.1% Tween20) 
 2x 30 min 0.2x SSC-T (0.1% Tween20) 
 Switch to RT for the remaining washing steps 
 1x 10 min 1:1 0.2x SSC-T/PBS-T; RT 
 1x 10 min PBS-T; RT 
 Blocking: incubate embryos in Blocking Reagent for 1 h at RT 
 Incubate embryos with an AP-conjugated anti-DIG antibody (1:2000 in Blocking Reagent) at 4 °C 
over night 
 
Day 3 
 Wash embryos 6x 10 min in PBS-TT (1x PBS, 0.1% Tween20 + 0.1% Triton X-100) at RT 
 Equilibrate embryos for AP color reaction 3x 10 min in AP Buffer (fresh)  
 Remove equilibration buffer and replace with BM Purple (brought to RT) 
 Keep in dark during color development and monitor every 15 min during 1st hour (good probes 
should give a pronounced signal after 0.5 - 2 h of color development) 
 Washing steps to stop color development reaction 
 Rinse 3x in PBS-TT, RT 
 wash 2x 15 min in PBS-TT; RT (optional: add 1 mM EDTA final) 
 optional: Clearing 
 wash 1x 10 min in 100% Methanol; RT 
 wash 1x 10 min in 50% Methanol/PBS-T; RT 
 wash 1x 10 min in 25% Methanol/PBS-T; RT 
 wash 2x 10 min in PBS-T; RT 
 possible to switch to antibody staining protocol at this point 
 Transfer embryos into 80% glycerol/PBS-T and incubate at 4 °C overnight (in the dark) 
 Image 
 Embryos can be stored in 80% glycerol/PBS-T at 4 °C in the dark (aluminum foil) 
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6.1.10 Basic light microscopy of living and fixed whole-mount embryos 
For staging and general morphological characterization of living embryos, as well as for 
imaging of fixed embryos after WISH, an Olympus SZX16 stereo microscope equipped 
with a RETIGA EXi FAST139 digital camera (QImaging) was used. Fixed embryos were 
imaged in 80% glycerol, placed on a custom-made grid with small holes (0.5 mm deep). 
Living embryos were imaged in an agarose-coated petri dish (made with custom-made 
plastic casting molds) with E3 medium. Images were taken using the QCapture 
software (version 3.1.1; QImaging). Raw images (tiff files) were directly opened with 
the image processing package Fiji of the ImageJ 1.49b software. 
 
6.1.11 Quantification of embryonic expression domains and epiboly stages 
All measurements were done with the image processing package Fiji of the ImageJ 
1.49b software. Raw images were directly opened in Fiji and domain measurements 
were done without further processing the raw images. The arc length of the dorsal 
expression domains (flh, chd) and the dimensions (length and width) of axial and par-
axial expression domains (flh, ntl, tbx16), visualized by WISH, were measured using the 
“Segmented Line Tool” in Fiji. The prechordal plate area, visualized by WISH of the 
prechordal plate marker hgg1, was measured using the “Polygon Selection Tool” in Fiji. 
All embryos per condition of an independent experiment were taken into account for 
measurements, no outliers were excluded. The raw values for each condition were 
normalized to the Mean of the control for each independent experiment. The epiboly 
stage was calculated from images of fixed embryos by measuring the blastoderm 
progression over the yolk (direct distance from animal pole to border of blastoderm 
margin; visualized by WISH of par-axial mesoderm markers) as percentage of total 
embryo length (animal to vegetal pole), using the “Segmented Line Tool” in Fiji. 
 
6.1.12 Quantification of signaling activity in the transgenic reporter lines 
The transgenic WNT/β-catenin reporter lines Tg(7xTCFXla.Siam:nlsmCherry) and 
Tg(TOP:dGFP) were used as readouts for endogenous WNT/β-catenin signaling activity 
by monitoring expression levels of the reporter genes mCherry or GFP. The transgenic 
FGF reporter line Tg(Dusp6:d2EGFP) was used as readout for endogenous FGF signaling 
activity by monitoring EGFP expression. 
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Reporter gene expression was visualized by WISH. Due to the strategy those lines were 
originally generated, expression levels of the reporter genes did vary quite strongly. In 
order to establish a reliable readout, embryos were classified into the following 4 
distinct categories with respect to the expression level of the reporter gene: 
 
Category of 
expression level 
Description 
none no reporter gene expression detectable 
low low reporter gene expression levels detectable 
medium 
robust reporter gene expression levels detectable in the majority of 
control embryos of one independent experiment (that was the 
reference) 
strong 
the highest detectable expression levels of reporter gene in control 
embryos 
 
Embryos corresponding to the 4 different categories (per condition and per 
independent experiment) were counted and expressed as percentage of total embryos 
analyzed. 
 
6.1.13 Whole-mount antibody staining for immunofluorescence (IF) detection 
To detect proteins of interest as well as nuclei, cells and sub-cellular structures in 
gastrulating whole-mount zebrafish embryos via specific antibodies or probes, fixed 
embryos were subjected to the following IF protocol. 
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Zebrafish Embryo Whole-Mount Antibody Staining (2 ml tubes) 
Immunofluorescence 
 Use 1.5 ml for washing steps and 0.5 ml for incubation steps 
 Fix embryos in 3% PFA + 0.1% Tween20 over night at 4 °C (works for a lot of critical epitopes) 
 Wash 2x 5 min in PBS-T (1x PBS + 0.1% Tween20), room temperature (RT) 
 Dechorionate embryos manually with forceps in PBS-T at RT; in an agarose coated petri dish (1.2% 
agarose in E3) 
 1. Step of generating de-yolked shield stage embryos: disrupt the yolk cell by piercing it with forceps 
(in the same agarose coated dish, directly after chorion removal) 
 Permeabilize for 1 h in PBS-TT0.4 (1x PBS + 0.2% Tween20 + 0.2% Triton X-100); RT 
 2. Step of generating de-yolked shield stage embryos: shake embryos in 2 ml tubes with PBS-TT0.4 in 
a thermomixer at 1000 rpm for 1-2 min (usually the yolk is washed away after 1 -2 min) 
 Block 1 h in Blocking Reagent; RT 
 Incubate with primary antibody (AB) (diluted in Blocking Reagent) over night at 4 °C 
 Wash 6x 15 min with PBS-TT (1x PBS + 0.1% Tween20 + 0.1% Triton X-100); RT 
 Incubate with secondary AB (diluted 1:1000 in Blocking Reagent) for 2-3 h at RT (in the dark) 
 This step also included DAPI (1:2000; to visualize DNA/Nuclei) and GFP- or RFP-Booster 
(1:1000; to enhance EGFP or RFP/mRFP/mCherry signals) 
 Wash 6x 15 min with PBS-TT; RT (in the dark) 
 Wash 1x 15 min in PBS-T; RT (in the dark) 
 Embryos can be stored at 4 °C for 1 week in PBS (in the dark) 
 For flat mounting: Transfer embryos into 80% Glycerol/PBS-T and incubate at least over night at 
4 °C before imaging 
 Mounting for Fluorescence Microscopy 
 For upright microscopy: flat-mount embryos on glass slides 
 For inverse microscopy: mount embryos in low-melt agarose (1% in E3 or PBS) on 0.17 mm 
glass cover slips (use plastic ring as scaffold, glued to a slide) 
 
6.1.14 The “shield-stage imaging assay”: Imaging of fixed shield-stage zebrafish 
embryos across several scales of biological organization 
Since consequences from interfering with expression of zebrafish P95 began to 
manifest during early gastrulation, the shield stage (60-65% epiboly) became of special 
interest for this study. In order to be able to detect changes in signaling activity with 
high spatial resolution (whole embryo, field of cells, sub-cellular compartments) within 
the very same embryo, an appropriate imaging assay was developed. Several immuno-
histochemical and immunofluorescence staining protocols to visualize molecular 
components of signaling pathways in zebrafish are compatible with that assay. PFA-
fixed shield-stage (60-65% epiboly) zebrafish embryos were manually de-chorionated 
at room temperature (RT) in an agarose-coated petri dish with PBS-T (1x PBS + 0.1% 
Tween20), using two sharp forceps (Dumont no. 55). After removing the chorions, the 
yolk cell of each fixed embryo was disrupted using two sharp forceps, without touching 
the embryonic cells (in the same agarose-coated dish with PBS-T). 
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The embryos were then transferred into 2 ml microcentrifuge tubes and the PBS-T was 
replaced with 1.5 ml PBS-TT0.4 (1x PBS + 0.2% Tween20 + 0.2% Triton X-100). After 
incubating the embryos in PBS-TT0.4 for 1 h at RT, the tubes were spun for 1-2 min at 
1000 rpm on a thermomixer. During that high-intensity shaking the yolk was washed 
away with high efficiency after 1-2 min, leaving the embryo structurally intact. This 
step included the permeabilization of cells and the de-yolked embryos could be further 
processed according to the respective staining protocol. Following the final washing 
step of the respective staining protocol, it was essential to embed the de-yolked 
embryos in a viscous mounting medium suitable for image acquisition (e.g. 80% 
glycerol in PBS). 
After the final washing solution was fully substituted with the mounting medium (e.g. 
80% glycerol in PBS over night at 4 °C), the embryos were mounted on glass slides with 
the convex side of the embryo facing up (like a cap). For that, silicon grease was 
distributed as thin lines on the glass slides, being as far apart as the width of the cover 
glass later used to cover the embryos. The embryos were placed in the middle 
between that silicon grease lines and excess mounting medium was removed carefully 
with a pipette. An appropriate cover glass was carefully leveled down on the embryos 
with a forceps, by first touching one line of silicon grease and lowering the cover glass 
until the other one was touched. Slight pressure on the edges of the cover glass was 
sufficient to fully flat-mount the whole embryo without causing tissue rupture. The 
flat-mounts were now ready for imaging. By changing the magnification (e.g. different 
microscope objectives) during one imaging session, the same microscopy set-up could 
be used to image the whole embryo on a global scale, a particular field of cells or even 
sub-cellular compartments. 
 
6.1.15 Image acquisition by confocal laser scanning microscopy 
All immunofluorescence images analyzed in this study were acquired with a Zeiss LSM 
780 NLO Laser Scanning Microscope in single photon point scanning mode. Multicolor 
images were always acquired in sequential scans (multi track), detecting each channel 
separately depending on the combination of fluorescent signals in the sample 
(minimum two-color mode, maximum four-color mode). 
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To image whole flat-mounted embryos a “Zeiss Plan-Apochromat 10x 0.45” or “Zeiss 
Plan-Apochromat 20x 0.8” objective was used. To image a field of approx. 130 cells in 
the ventro-lateral area of the embryonic margin a “Zeiss LCI Plan-Neofluar 63x 1.3 Imm 
Corr” objective was used, suitable to image glycerol-embedded samples. To image a 
region of approx. 80 cells in living embryos or fixed whole-mounts in an aqueous 
solution (either E3 embryo medium or PBS), a water dipping lens “Zeiss W Plan-
Apochromat 40x/1.0” was used.  
 
The DAPI channel was scanned with a 405 nm laser and detected with a confocal PMT 
detector. The EGFP/GFP-Booster/AF488 channel was scanned with a 488 nm laser and 
detected with a GaAsP spectral detector. The mRFP/mCherry/RFP-Booster/AF594 
channel was scanned with a 594 nm laser and detected with a GaAsP spectral detector. 
The AF555 channel and the AF647 channel were scanned with 561 nm and 633 nm 
lasers, respectively, and detected with a GaAsP spectral detector. For imaging a field of 
cells of fixed embryos, either a z-stack (3 confocal sections covering approx. 1.5 µm in 
depth) or a single confocal section of approx. 1 µm thickness were scanned per 
embryo. For imaging the whole flat-mounted embryo a single confocal section of 
approx. 7 µm thickness was scanned. All the embryos of one independent experiment 
were imaged with the exact same imaging parameters, which were adjusted at the 
beginning of each imaging session (according to the objective used and the individual 
signal intensities not being saturated). 
 
6.1.16 Image analysis 
Image analysis of all the fluorescent images taken throughout this study was done with 
the custom-build image analysis software MotionTracking, designed by Dr. Yannis 
Kalaidzidis. Raw images were directly imported into MotionTracking and elliptical 
objects (nuclei, vesicular objects) as well as cells were segmented based on the 
fluorescence intensities of specific markers, using a previously described object finding 
algorithm [1, 46]. Object-based co-localization was calculated on the basis of cross-
sectional overlap between two or three channels. Two or three objects were scored as 
co-localized if the total overlap of the main object’s cross-section was greater than 
35%. 
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6.1.17 Protein immunoblotting (Western Blot) and quantitative detection of protein 
levels 
To validate the reduction and increase of zfP95 protein levels due to Morpholino-
mediated knockdown and overexpression of zfP95, total protein lysates from whole 
zebrafish embryos (90% epiboly stage) were analyzed. The following protocol was used 
to extract total protein, transfer it onto a nitrocellulose membrane and detect the 
protein of interest with specific antibodies. 
 
Protocol for Protein Blotting (Western Blot) 
Protein Extraction & Detection from Zebrafish Embryos 
Dechorionation of embryo 
 Dechorionate embryos just prior to the desired developmental stage from which total protein 
should be extracted 
 Dechorionate embryos in 2 mg/ml Pronase (in E3 embryo medium) for 5-10 min at RT (as described 
in section 6.1.8) 
 Count the living, dechorionated embryos and collect equal numbers per condition in 2 ml 
microcentrifuge tubes (this is important to avoid already from the beginning large variations in total 
protein amounts extracted from different conditions); 60 embryos are suitable to extract enough 
protein for several western blots 
 
Removal of yolk protein 
 During the first 24 hpf it often becomes necessary to remove the yolk of embryos to avoid large 
amounts of undesired proteins which mask the protein of interest during detection (this was also 
done in this study) 
 Remove E3 medium 
 Add 1 ml cooled (on ice) de-yolking buffer (1/2x Ringer, Ginzburg Fish Ringer, no Calcium, p. 10.9 
Zebrafish book Edition 4, 2000) 
 To disrupt the yolk cell pipette up and down with a 1 ml pipette tip (until embryos disappear) 
 Shake 1 min at RT at 1000 rpm 
 Centrifuge at 2000 rpm for 3 min at RT (to collect embryonic cells, while the yolk protein remains in 
the supernatant) 
 Remove the supernatant and resuspend the pellet in 1 ml ice-cooled de-yolking buffer 
 Centrifuge at 2000 rpm for 3 min at RT 
 Remove the supernatant and resuspend embryonic cells in pre-heated (65 °C) cell lysis buffer 
(2 μl/embryo) 
 Lysis buffer: 2% SDS in 125 mM Tris-HCl 
 Use a 200 μl or 20 μl pipette tip, or a syringe for homogenization of cells 
 Incubate at 95 °C for 10 min 
 centrifuge protein lysates at 13000 rpm for 3 min 
 measure total protein concentrations of each extract according to the Bio-Rad DC Protein Assay and 
use BSA solutions (made in the same lysis buffer) to calculate a linear protein standard curve 
 adjust total protein concentrations of each sample to the sample with the lowest concentrations 
(which should always be ≥1 µg/µl) 
 store protein lysates at -20 °C or use directly 
 
Western Blot 
 Prepare SDS-Polyacrylamide Gels for Protein Gel-Electrophoresis (Tris-glycine buffer conditions) 
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 Mix the samples with a concentrated stock of 5x loading buffer (300 mM Tris-HCl pH 8; 10% 
mass/vol SDS; 50% vol/vol glycerol; 25% vol/vol β-Mercaptoethanol; 0.01% mass/vol Bromphenol 
Blue; 20 mM EDTA) 
 Load ≥10 µg of total protein per condition in precasted 8-12% polyacrylamide SDS gels (run a 
protein size marker in parallel) 
 Run gel electrophoresis at 100-150 V for 2-3 h 
 Transfer the total protein after gel electrophoresis from the gel onto a nitrocellulose membrane in a 
blotting chamber (200 mA for 6 h at 4 °C) with 1x transfer buffer (100 ml 10x transfer buffer stock + 
200 ml Ethanol + 700 ml ddH2O) 
 After protein transfer rinse the nitrocellulose membrane 1x with H2O 
 Block membrane for at least 30 min at RT in blocking solution (5% mass/vol milk powder in 1x 
PBS-T) 
 Incubate with primary ABs (anti-P95, anti-γ-Tubulin in blocking solution) over night at 4 °C 
 Wash 4x 10 min at RT in PBS-T 
 Incubate with the appropriate fluorophore-conjugated (either AF555 or AF790) secondary ABs 
(diluted 1:5000 in blocking solution) for 1-2 h at RT 
 Wash 3x 10 min at RT in PBS-T 
 Wash 1x 10 min at RT in PBS 
 Dry the membrane in the dark for fluorescence detection using a Typhoon FLA 9500 (GE Healthcare) 
laser scanner 
 
A Typhoon FLA 9500 laser scanner (GE Healthcare) was used to detect the fluorescent 
bands on the dried nitrocellulose membrane. The zfP95 specific signal per lane per 
condition was normalized to its respective γ-Tubulin signal (internal control), which 
allowed for direct quantification of relative changes in P95 protein levels. 
 
6.1.18 In vitro transcription/translation to confirm P95 protein expression 
The TnT® Coupled Reticulocyte Lysate System (Promega) was used according to the 
manufacturer’s protocol to assess the translatability of human and zebrafish P95 
constructs used in this study. 
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TnT® SP6 and T7 Coupled Reticulocyte Lysate System (Promega; Catalog No L4600 and L4610) 
 hP95 in pGEM-11Zf(-); T7 for mRNA synthesis 
 zfP95 full-length in pCS2(+); SP6 for mRNA synthesis 
 Radioisotope: the radioactive sulfur isotope 35S was used coupled to Cys/Met amino acids 
(radioactivity 10 µCi/µl) 
 25 µl reaction mix 
 12.5 µl  reticulocyte lysate 
 1.0 µl reaction buffer 
 0.5 µl Amino Acid mix (-Cys&-Met; Catalog L551A) 
 0.5 µl RNAsin 
 0.5 µl T7/Sp6 RNA polymerase 
 8 µl ddH2O 
 Add 1 µg of each plasmid (+ T7/Sp6 Luciferase positive control) 
 Add 1 µl of 35S 10 µCi/µl 
 Incubate for 90 min at 30 °C 
 Load 1 µl of each reaction on a SDS page gel (12%) 
 Gel fixed for 20 s with destain solution 
 Amplified for 20 min with Amplify solution from GE life sciences (cat. NAMP100V) 
 Gel drying and exposure to the film over night at -80 °C 
 
6.1.19 Statistical analysis 
In an independent experiment (iExp) each embryo was considered n = 1, which meant 
for statistical analysis of an independent experiment with a sample size of 10 embryos 
per condition, that n was defined as n = 10 per condition. The Mean and SD of raw 
values were calculated for each condition within one experiment. To normalize for 
inter-experimental variations, the raw values of each condition were normalized to the 
Mean of the control and normalized values of experimental replicates were pooled 
together. Unless otherwise stated, the test used to assess statistical significance and 
calculate P values was the unpaired t test with Welch’s correction. 
Using this test, each experimental condition was tested for significant difference from 
the control condition within the same experiment. This was done to evaluate the 
specific effects of every Morpholino, mRNA or other treatment on the parameter 
assessed. To always get an idea of the variation caused by each experimental condition 
within one assay, every raw value measured was included in the test for statistical 
significance. Statistical analyses were performed with the Prism 6 software, Version 
6.03 (GraphPad Software, Inc.). Differences of Means were considered statistical 
significant if the P value was ≤ 0.05. 
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6.2 Materials 
The majority of materials, reagents and technical devices used to carry out the 
experiments described in this study were considered as standard laboratory 
equipment and chemicals. Only materials and reagents relevant for specific 
experiments done in this study are listed in this chapter. 
 
6.2.1 Antibodies used in this study 
 
Primary Antibodies 
Antigen 
(Gene Symbol) 
Host Species 
(Clonality) 
Final 
Dilution 
Application 
Manufacturer 
(order number) 
APPL1; adaptor protein, 
phosphotyrosine interaction, PH 
domain and leucine zipper containing 
1 
(appl1) 
Rabbit 
(polyclonal) 
1:400 IF 
Zerial Lab 
(z#1 I fr. 3) [85] 
β-catenin; catenin (cadherin-
associated protein), beta 1 
(ctnnb1) 
Mouse 
(monoclonal) 
1:500 IF 
Sigma-Aldrich Co. 
LLC (C7207) [154] 
Cleaved Caspase-3 Asp175 
(casp3) 
Rabbit 
(polyclonal) 
1:400 IF 
Cell Signaling 
Technology, Inc. 
(9661) [155] 
E-Cadherin; cadherin 1, epithelial 
(cdh1) 
Mouse 
(monoclonal) 
1:400 IF 
BD Biosciences 
(610182) [156] 
EEA1; early endosome antigen 1 
(eea1) 
Rabbit 
(polyclonal) 
1:200 IF 
Abcam 
(ab2900) 
Fzd7a; frizzled homolog 7a 
(fzd7a) 
Rabbit 
(polyclonal) 
1:300 IF 
AnaSpec, Inc. 
(55766) 
Phospho-Histone H3, phosphorylated 
at Ser10 
Rabbit 
(polyclonal) 
1:1000 IF 
EMD Millipore 
Corporation 
(06-570) [157] 
Phospho-Smad1/Smad5/Smad8, 
dually phosphorylated at Ser463 and 
Ser465  
Rabbit 
(polyclonal) 
1:400 IF 
EMD Millipore 
Corporation 
(AB3848) 
P95; protein phosphatase 1, 
regulatory subunit 21 
(ppp1r21) 
Rabbit 
(polyclonal) 
1:1000 WB 
Zerial Lab 
(SA598) 
γ-Tubulin; tubulin, gamma 1 
(tubg1) 
Mouse 
(monoclonal) 
1:10,000 
1:400 
WB 
IF 
Sigma-Aldrich Co. 
LLC (T6557) [158] 
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Secondary Antibodies / Nano-Booster 
Antigen Host Species 
Final 
Dilution 
Application 
Manufacturer 
(order number) 
GFP-Booster: specifically binds to 
most common GFP derivates; coupled 
to ATTO 488 
Alpaca 
(Camelidae 
Nanobody) 
1:1000 IF 
ChromoTek 
GmbH (gba-488) 
RFP-Booster: specifically binds to red 
fluorescent protein from Discosoma 
sp. such as mRFP, mCherry; coupled to 
ATTO 594 
Alpaca 
(Camelidae 
Nanobody) 
1:1000 IF 
ChromoTek 
GmbH (rba-594) 
anti-mouse IgG or anti-rabbit IgG; 
coupled to AF488, or AF555, or AF594, 
or AF647, depending on combination 
Goat 1:1000 IF 
Molecular Probes 
/ Invitrogen / Life 
Technologies 
anti-rabbit IgG coupled to AF555 Goat 1:5000 WB 
Molecular Probes 
/ Invitrogen / Life 
Technologies 
anti-mouse IgG or anti-rabbit IgG; 
coupled to AF790 
Donkey 1:5000 WB 
Molecular Probes 
/ Invitrogen / Life 
Technologies 
 
6.2.2 DNA constructs (Plasmids) 
Several DNA constructs were used in this study to generate probes for WISH or mRNA 
for microinjection and overexpression. The following list provides an overview of the 
plasmids used in this study. Unless otherwise stated, the genes of interest were 
zebrafish-specific genes. 
 
Vector Gene of Interest Source 
pCS2+ 
zfp95 (ppp1r21) 
zebrafish protein phosphatase 1, regulatory 
subunit 21 
generated in the Marino 
Zerial Lab 
egfp-zfp95 
mcherry-zfp95 
pGEM-11Zf(-) 
hp95 (ppp1r21) 
human protein phosphatase 1, regulatory 
subunit 21 
generated in the Marino 
Zerial Lab 
pBluescript SK chordin (chd) 
obtained from the C-P 
Heisenberg Lab 
pBluescript SK floating head (flh) 
obtained from the David 
Kimelman Lab 
pCS2+ forkhead box A3  (foxa3) 
obtained from the 
Michael Brand Lab 
pSPORTS forkhead box i1  (foxi1) 
obtained from the 
Michael Brand Lab 
pSPORT1 axin 2 (axin2) 
obtained from the 
Gilbert Weidinger Lab 
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Vector Gene of Interest Source 
pBluescript SK cathepsin Lb (ctslb; hgg1) 
obtained from the C-P 
Heisenberg Lab [159] 
pBluescript II myogenic differentiation 1 (myod1; MyoD) 
obtained from the C-P 
Heisenberg Lab 
pBluescript KS no tail a (ntl) 
obtained from  the 
Andrew Oates Lab 
TOPO paired box gene 2a (pax2a) 
obtained from the 
Michael Brand Lab [160] 
pBluescript KS patched 1 (ptc1) 
obtained from the Pia 
Aanstad Lab [127] 
pBluescript SK sonic hedgehog a (shha) 
obtained from the Phil 
Ingham Lab [161] 
pGEM-Teasy T-box 16 (tbx16; spt) 
obtained from  the 
Andrew Oates Lab 
pCS2+ mcherry 
obtained from  the 
Andrew Oates Lab 
pCS2+ egfp 
obtained from  the 
Andrew Oates Lab 
pCS2+ 
frizzled-9b 
frizzled homolog 9b fused to mRFP (Fzd9-mRFP) 
obtained from the 
Michael Brand Lab [144] 
 
6.2.3 Morpholino antisense oligos 
All Morpholino antisense oligos used in this study to knockdown gene expression were 
ordered and produced from Gene Tools, LLC. The following Morpholinos were used: 
 
Zebrafish P95-specific (ppp1r21) Morpholinos 
Name Specificity Sequence 5’- … -3’ 
P95 MO1 Translation blocker TGCAGGTCCGTCATGTTCGCCTCCG 
P95 MO2 Translation blocker CAGCTGCTGCCCGTCAAGCTTTA 
P95 spl1 Splice blocker E3I3 TGTGTGTGTGTTTACTCTGCTCTTC 
P95 spl2 Splice blocker E2I2 TGTGTTACTGCTGATCTTCTGGTAC 
 
Zebrafish P53-specific (tp53; tumor protein p53) Morpholino 
Name Specificity Sequence 5’- … -3’ 
P53 MO1 Translation blocker 
[162] 
GCGCCATTGCTTTGCAAGAATTG 
 
Zebrafish EEA1-specific (early endosome antigen 1) Morpholino 
Name Specificity Sequence 5’- … -3’ 
EEA1 MO1 Translation blocker ATTCGTCTTAACATTCTGGTCCTTT 
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Zebrafish E-Cadherin-specific (cadherin 1, epithelial) Morpholino 
Name Specificity Sequence 5’- … -3’ 
Cdh1 MO1 Translation blocker 
[146] 
ATCCCACAGTTGTTACACAAGCCAT 
 
Standard Control Morpholino 
Name Specificity Sequence 5’- … -3’ 
Control MO unspecific CCTCTTACCTCAGTTACAATTTATA 
 
6.2.4 PCR Primer 
All primer used in this study were designed with the web-based version of the Primer3 
software [163, 164]. All the primer relevant for cloning and sequencing of full-length 
zebrafish P95, as well as a PCR positive control, are listed below: 
 
 Primer for Standard End-Point PCR 
Name Sequence 5’- … -3’ Gene Purpose 
Zf_Eef1a2_f01 
(forward) 
CGTCAAAGAAGTGAGCGCCTACATCA 
eef1a2 
Eukaryotic translation 
elongation factor 1 
alpha 2 
Internal 
positive 
control 
Zf_Eef1a2_r01 
(reverse) 
GTGGGCCGTGTTGGAGGCATGA 
P95P1-Fw 
(forward) 
AGTCTGCAGGCCCAGAGTGTGTTT 
ppp1r21 
zebrafish P95 
Sequencing 
P95P1-Rv 
(reverse) 
AGATCTGCACTCGCTGCTCACTGT 
P95P2-Fw 
(forward) 
TCAGGTGTTGAAGAAGGCGGTGGT 
ppp1r21 
zebrafish P95 
Sequencing 
P95P2-Rv 
(reverse) 
AGACGACAGCAGACACTCGTTGGT 
P95P3-Fw 
(forward) 
ACGGACCTGCAGAGCAAATACAGCA 
ppp1r21 
zebrafish P95 
Sequencing 
P95P3-Rv 
(reverse) 
TTCTTCTTGGCGTTTCCCTTGGCG 
P95P4-Fw 
(forward) 
ATGACGGACCTGCAGAGCAAATACA 
ppp1r21 
zebrafish P95 
Amplification 
of zfP95 full-
length CDS 
P95P4-Rv 
(reverse) 
CTATCGGCTCTTGTTCTTCTTGGCGT 
pr52 
(reverse) 
GATCTTCTGCTGACTCTGGAG 
ppp1r21 
zebrafish P95 
Sequencing 
pr80 
(forward) 
GCAGCGGGAGACCATTGACAC 
ppp1r21 
zebrafish P95 
Sequencing 
pr85 
(forward) 
GCATCAGGTCCTGCAGTGAGA 
ppp1r21 
zebrafish P95 
Sequencing 
pr88 
(reverse) 
GGAGCTCAGCTGCGCCTCCTG 
ppp1r21 
zebrafish P95 
Sequencing 
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6.2.5 Buffer solutions 
The following list provides the composition of buffer solutions mainly used in this 
study. Special variations of buffer solutions used in specific experimental procedures 
are listed in the related methods sections. 
 
Buffer solution Composition 
AP Buffer 
100 mM Tris-HCl pH 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1% Tween-
20, ddH2O 
Blocking Reagent 
5% vol/vol FCS (Fetal Calf Serum) + 5% vol/vol HS (Horse Serum) in 
1x PBS-TT (1x PBS + 0.1% Tween20 + 0.1% Triton X-100) 
E3 Embryo Medium 
5 mM NaCl, 0.17 mM KCl, 0.33 mM  CaCl2 x 2H2O, 0.33 mM MgSO4 x 
7H2O (prepare a 60x stock solution); 20 ml 0.01% methylene blue in 
10 l 1x E3 
Ginzburg Fish Ringer 55 mM NaCl, 1.75 mM KCl, 1.25 mM NaHCO3 
Hyb Wash 
65% vol/vol Formamide, 5x SSC, 0.1% Tween-20, 10 mM Citric acid, 
ddH2O 
Hyb Mix 
65% vol/vol Formamide, 5x SSC, 0.1% Tween-20, 10 mM Citric acid, 
50 µg/ml Heparin, 2 mg/ml torula yeast RNA, ddH2O 
Hyb+ Mix 5% mass/vol dextran sulfate in Hyb Mix 
PBS w/o Ca2+ and Mg2+ 
2.7 mM KCl, 1.5 mM KH2PO4, 8.1 mM Na2HPO4, 137 mM NaCl, 
ddH2O 
SSC 20x stock 3 M NaCl, 300 mM Trisodium citrate (Na3C6H5O7) (dihydrate), ddH2O 
SSC-T 0.1% Tween20 in SSC 
4% PFA fixation solution 
4 % mass/vol PFA (Paraformaldehyde) in PBS + 0.1 mM CaCl2 + 
0.1 mM MgCl2 
 
6.2.6 Chemicals, molecular biology kits and reagents 
The following chemicals, reagents and kits were used in addition to standard 
laboratory chemicals. 
 
Reagent Manufacturer Purpose 
BM Purple Roche Applied Science 
chromogenic substrate for alkaline 
phosphatase (AP) for precipitating enzyme 
immunoassays; WISH 
DAPI (1 mg/ml) Sigma-Aldrich, Inc. 
Fluorescent DNA binding molecule; 
visualization of nuclei in IF samples 
DIG RNA Labeling Mix 
Roche Diagnostics 
GmbH 
RNA labeling with digoxigenin-UTP for 
WISH probe synthesis 
Formamide 
(Deionized) 
Ambion® WISH 
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Reagent Manufacturer Purpose 
Glycerol, bidistilled 
99.5% 
VWR Mounting medium 
Heparin (Heparin 
sodium salt) 
Sigma-Aldrich, Inc. WISH 
Mineral Oil 
(BioReagent) 
Sigma-Aldrich, Inc. 
medium to measure drop size before 
microinjections 
Nuclease-free Water Ambion® 
Used for all molecular biology grade 
applications 
Phusion® Hot Start II 
High-Fidelity DNA 
Polymerase System 
Finnzymes All standard PCR applications 
Pronase Roche Applied Science 
Non-specific protease from Streptomyces 
griseus; Dechorionation of embryos 
Bio-Rad DC Protein 
Assay 
Bio-Rad 
colorimetric assay for protein 
concentration determination 
Zero Blunt® TOPO® 
PCR Cloning Kit 
Invitrogen Blunt-end cloning of PCR products 
SuperScript III First-
Strand Synthesis 
System 
Invitrogen cDNA synthesis by reverse transcription 
TRIZOL® Reagent 
Ambion® / Life 
Technologies 
Isolation of total RNA 
mMESSAGE 
mMACHINE® Kits 
Ambion® 
In vitro synthesis of capped mRNA for 
microinjections 
QIAquick Gel 
Extraction Kit 
Qiagen 
Gel-extraction of DNA fragments from 
polyacrylamide gels 
QIAquick PCR 
Purification Kit 
Qiagen 
Purification of linearized DNA, PCR 
products etc. 
RNeasy Mini Kit Qiagen Purification of RNA after mRNA synthesis 
Restriction 
Endonucleases 
including appropriate 
buffers 
New England Biolabs 
(NEB) 
Linearization of plasmids, cloning and sub-
cloning of DNA fragments 
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6.2.7 Technical equipment 
The following technical equipment was used in addition to standard laboratory 
equipment. 
 
Device (Model/cat. no.) Manufacturer Purpose 
NanoDrop® (ND-1000) 
NanoDrop 
Technologies 
Spectrophotometer to measure 
concentrations of nucleic acids (DNA, RNA) 
Microinjection needles 
Harvard Apparatus 
LTD 
Borosilicate glass capillaries (1.0 mm O.D. x 
0.58 mm I.D.) for microinjections 
Transplantation needles 
(GC100T 10) 
BioMedical 
Instruments 
Cell transplantation 
Flaming/Brown 
Micropipette Puller 
(Model P-97) 
Sutter Instrument 
Co. 
Preparation of microinjection needles 
Pneumatic PicoPump 
(PV 820) 
World Precision 
Instruments 
Pressure-regulated microinjections 
Micromanipulator 
(M-152) + Stand (GJ-1) 
Narishige Microinjections 
¼ diam. Gold-plated 
brass handle (2505) 
World Precision 
Instruments 
Cell transplantation 
Micropipette holder 
(MPH3) 
World Precision 
Instruments 
Cell transplantation 
Olympus SZX12 stereo 
microscope 
Olympus Microscope for microinjections 
Custom-made plastic 
casting molds 
MPI-CBG 
Workshop 
to produce positive or negative molds in 
agarose (in E3 medium); used to place and 
hold embryos for microinjection, 
transplantation, manipulation and imaging 
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